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DYNAMICS AND STRUCTURE.OF THE OUTER RADIATION BELT 

C. Y. Fan, P. Meyer and J. A .  Simpson 

ABSTRACT 

From an analysis of electron measurements in the 

Explorer VI satellite (August 7 - October 6, 1959) four %$% 

time-dependent parameters have been investigated which 

characterize the outer electron belt. They are: (1) the 

equatorial electron intensity Io, (2) the equatorial range 

from the earth Ro of the peak intensity, ( 3 )  the electron 

t '  density distribution along a line of force through the 

i intensity peak, and (4) a measure of the change in electron 

spectrum with time. These parameters along with measurements 

of magnetic field intensity make it possible to study the 

origin of the changes in electron intensity and distli- . .  . 
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butlon which are known to occur in the outer belt. Se- 

veral magnetic storms occurred during the observation on 

Explorer VI. Within the sequence of changes in the outer 

belt induced by these geomagnetic storms, there are some 

changes of the parameters which are accounted for only 

by invoking an irreversible energy gain or loss within. 

the outer belt. The energy gain process appears to be 

through irreversible local acceleration of electrons. The 

energy loss process ieads to a stable mirror point dis- 

tribution characteristic of the periods between geomag- 

netic storms. The time -fhYtei.*"aisY are identified within 
I *  

which each of these processes is operative. Reversible 

, 
. I  

. .  



processes are possibly the cause f o r  other changes. 

The foregoing analysis rests upon the proof  giver: ir, 

this paper tnat the outer belt peak intensiiy co i r i c ides  

over a wide range of geomagnetic latitudes with magnetic 

field lines of force in the centered dipole appToximation, 

Consequently, the measured electron intensity maximum is 

used as a "tracer" of, the geomagnetic field lines of force 

f o r  analyzing changes :In the outer belt with time. 
I 

It 

s h n m  that even during geomagnetic storms the trace 

of the el.ectron intensity maximuhd foltllowed a centered di- 

pole 1'i.ne of force. This indicates that at all times the 

particle energy density of the radiati-on b e l t  is much less 

** 4&?, 

than the energy density of the magnetic field in the 

region. 

The electron fluxes, high energy proton fluxes and 

possible electron spectra are investigated. 

peaks of electron intensity are identified to persfst in 

the outer beli; f o r  about two months, and it is showr, that 

these peak distributions undergo radial motion during geo- 

magnetic disturbances. 

Two dieLinct 

r )  

~ ~~~ 

* 

I 



I !  

, ' I  

~ 

I 
I 

I. INTRODUCTION 

The f i rs t  measurements cf charged p a r t i z l e s  t rapped 

w l t h i n  the geomagnetic f j e l d  were made by the lowa [Van f i l l e n ,  

, McIlwain and Ludwig, 1959 ) and by t h e  USSR groups (Vernov, 1 -  

7- 

' -  

I 

i 
/ .  

0 

. /  
J 

Chudakov, Vakulov and Logachev, 1959a ).  Subseqgent obser-va 

t i o n s  proved t h e  ex i s t ence  of an i n n e r  belt composed cf 

e n e r g e t i c  pro tons  and e l e c t r o n s ,  and an  cuter r a d i a t f o n  b e l t  

dominated by e n e r g e t i c  e l e c t r o n s .  S ing le  t r a v e r s a l s  of' 

the  o u t e r  b e l t  made a t  d i f f e r e n t  tines l e d  t o  t h e  conclus ion  

t h a t  the c h a r a c t e r i s t i c s  of  t h i s  o u t e r  b e l t  changed wf th  

t i m e  and s o l a r  a c t i v i t y .  The o r i g i n  of t.he i n n e r  b e l t  

p ro tons  i s  s a t i s f a c t o r i l y  accounted f o r  by the decay product.s 

cjf f a s t  neutrons escaping  from the t e r r e s t r i a l  atmospnere. 

Although the  o r i g i n  of the  o u t e r  b e l t  a t  f i r s t  was a s c r i b e d  

t o  e l e c t r o n s  a c c e l e r a t e d  a t  the SUR and subsequent ly  tmpped 

i n  the geomagnetic f i e l d ,  t h i s  hypo thes i s  foundered bo th  

on the b a s i s  of phys ica l  p r i n c i p l e s ,  and through exper imenta l  

ev idence ,  i nc lud ing  r e s u l t s  r epor t ed  i n  t h i s  p re sen t  p a p e r .  

Therefore ,  i f  e l e c t r o n s  a re  t o  be in t roduced  f r o m  the  s u n ,  

o r  o t h e r  sources  a t  very low energy ,  it i s  r equ i r ed  ',tiat 

they be a c c e l e r a t e d  i n  t he  geomagnetic f i e l d  t.3 y i e l d  the 

p e r s i s t e n t ,  v a r i a b l e  f l u x  of e n e r g e t i c  e l e c t r o n s  observed i n  

the o u t e r  r a d i a t i o n  b e l t .  On t h e  o t h e r  hand, i f  t h e  c)uf,er 

b e l t  e l e c t r o n s  are ambient e l e c t r o n s ,  o r  e l e c t r o n s  frcr 

neutron decay (Hess ,  1960 ; Dess le r  and Karg lus ,  l96O), 

t h e n  the changes i n  e l e c t r o n  i n t e n s i t y  and s p a t i a l  d i s t r l -  

b u t i o n  m u s t  a l s o  a r i s e  f r o m  magnetic f i e l d  changes. 



-2- 

Therefore we conclude t h a t  a s tudy of the  changes i n  

the e l e c t r o n  o u t e r  b e l t  brought about by changes i n  the geo- 

magnetic f i e l d  may l ead  u s  t o  the  o r i g i n  of these t rapped c 

e l e c t r o n s ,  

The energy which produces the v a r i a t i o n s  of the  r 

e x t e r n a l  geomagnetlc f i e l d  comes from s o l a r  e v e n t s ,  

the  s o l a r  f l a r e s ,  which e m i t  ion ized  plasma l ead ing  t o  the  

such a s  

c l a  s s i c a  1 geomagnetic storm. 

There a r e  a v a r i e t y  of ways by which some of these 

changes i n  energy and d i s t r i b u t i o n  of t rapped  e l e c t r o n s  may 

be brought about ( f o r  example, Nor th rop  and T e l l e r  1960, 

Parker 196~). Ei ther  r a p i d  f i e l d  changes inc lud ing  hydro- 

magnetic wave propagat ion lead  t o  the v i o l a t i o n  of one o r  

more of the a d i a b a t i c  i n v a r i a n t s ,  and hence t o  i r r e v e r s i b l e  

a c c e l e r a t i o n  o r  loss of energy i n  the b e l t ,  - o r  s low f i e l d  

changes may dominate t o  produce r e v e r s i b l e  a c c e l e r a t i o n  and 

consequent changes i n  the p a r t i c l e  d i s t r i b u t i o n s  i n  space .  

The main purpose of the p resen t  i n v e s t i g a t i o n  i s  t o  

decide whether r e v e r s i b l e  processes  determine the changing 

c h a r a c t e r  of the o u t e r  e l e c t r o n  b e l t ,  *or  i r reveras ib le  pro- 

c e s s e s  m u s t  be invoked. 'The experiment , t h e r e f o r e ,  requi res  

f r e q u e n t ,  s equen t i a l  t r a v e r s a l s  of the o u t e r  e l e c t r o n  r eg ion  

at in te rmedia te  and low l a t i t u ' d e s  f o r  ex tended  p e r i o d s  of 

t i m e  u n d e r  both q u i e t  f i e l d  c o n d i t i o n s  a s  w e l l  a s  d u r i n g  geo- 

magnetic storms. An i n v e s t i g a t i o n  of t h i s  k i n d  was f i r s t  

undertaken by the  Explorer V I  s a t e l l i t e  launched 7 A u g u s t ,  

1959 i n  t he  highly e l l i p t i c  o r b i t  shown i n  F igure  1. T h i s  
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s a t e l l i t e  c a r r i e d  a group of charged p a r t i c l e  r a d i a t i o n  

d e t e c t o r s  having a wide dynamic range and v a r i e t y  of e n e r E j  

responses ,  a s  w e l l  a s  a magnetcmeter. The types of radiat.4,on 

d e t e c t i o n  ins t ruments  a r e  g iven  i n  Appendix 1, Table I 

a long  w i t h  a l i s t  of a l l  space v e h i c l e s  which a t  t h i s  

w r i t i n g  have passed through t h e  o u t e r  b e l t  a t  low l a t i t u d e s  

:Appendix I ,  Table 11). T:ie measurements were obta ined  under 

f o r t u n a t e  c i rcumstances ,  s ince  t h e  geomagnetic f i e l d  remained 

qu ie scen t  f o r  a week before t h e  commencement of  two geo- 

nagnet lc  storms c l o s e l y  spaced i n  t ime. A l l  cf the d a t a  a r e  

w i t h i n  the per iod  7 Augus t  through 6 October,  1959, fol low- 

I 

i 

I 

i 

I 

i n g  which t i m e  the t r a n s m i t t e r  ceased t o  ope ra t e .  

A pre l iminary  account of our  experiments  (Fan, Meyer 

and Simpson, 1960 ) h a s  shown s e v e r a l  new p r o p e r t f e a  cf the 

t rapped e l e c t r o n s  i n  the o u t e r  b e l t ,  such a s  the p e r s l s t e n t  

e x i s t e n c e  of a double be l t  s t r u c t u r e  i n  the outer zone 3nd 

r a d l a l  motions of t h e s e  peak i n t e n s i t y  d i s t r i b u t i o n s  M i i h  

t ime. We a l s o  observed the  l a r g e  s c a l e  tfme-dependent. 

changes of i n t e n s i t y  and p a r t i c l e  d i s t r i b u t  l e n s  following 

geomagnetic storms which have a l s o  been r e p o r t e d  by other 

i n v e s t i g a t o r s  w i t h  appara tus  on Explorer  V I  (ArnGldy, Eaffrnan 

and Winckler,  1960a) (Rosen, Fa r l ey  and S o n e t t ,  1960 j .  

However, our  d e t a i l e d  study and conclus ions  regarding the 

o u t e r  b e l t  e l e c t r o n s  have awaited the  f u l l  r edoc t ion  cdt" d a t a ,  

the  a v a i l a b i l i t y  of e m r e l a t i n g  s o l a r  geophysical  d a t a ,  

and improved o r b i t  c a l c u l a t i o n s  f o r  Explorer V I .  
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To prove whether t h e r e  e x i s t  i r r e v e r s i b l e  changes or 

on ly  r e v e r s i b l e  changes,  o u r  i n v e s t i g a t i o n  c e n t e r s  on the 

l d e n t i f  i c a t i o n  and measureinent Gf parameters  which d e s c r i b e  

the c h a r a c t e r i s t i c s  of the cuce r  b e l t  and t h e i r  changes 

w i t h  t ime.  We f i r s t  show t h a t  2 cen te red  d i p o l e  magnetis 

f i e l d  i s  a good approximation for the  d e s c r i p t l o n  of t r a p p e d  

e l e c t r o n  gu id ing  c e n t e r s  i n  the o u t e r  b e l t ,  even du r ing  

pe r iods  of geomagnetic stcrtm. L ~ U S ,  the  pos i t ionr ;  of 

i n t e n s i t y  maxima i n  the o u t e r  'belt become " t r a c e r s "  by which 

w e  follow changes i n  p o s l f - i c n ,  i n t e n s i t y ,  o r  o t h e r  parameters  

a s  a f u n c t i o n  o f  t ime.  It .3_3 then p o s s i b l e  t c  fo l low s y s t e m -  

t i c a l l y  through the  prcrgre,ss of a geomagnet,fc storm the changes 

of parameters  such a s  t h e  e q a a t o r i a l  range Ro of t he  o u t e r  

b e l t ,  o r  the e q u a t o r i a l  i n t e n r r t y  maximum I,. To i n v e s t i g a t e  

r e v e r s i b l e  and i r r e v e r s i b l e  ppocessec w e  a l s o  need t o  know 

the e l e c t r o n  mir ror  po in t  d i s t y i k u t f o n  altsng a magnetfc l i n e  

of f o r c e  and the  changes i n  this disTribut,?on w f t h  t f tn i3 .  

Having proved t h a t  the centered d i p o l e  gppr-oxlnlat iorl  dcszciber .  

the  l i n e s  of fo rce  i n  spa:? i n  t b e  o ~ t s e ~  b e i t ,  w e  a r e  aklle 

t o  c o n s t r a c t  experimental  :wves af ~ ' . l e , c t i ~ t - n  int .en3ity ' I S  ic 

f u n c t i o n  of p o s i t  i on  a 1  ong r s g n e t r c  i n e s  cf f o r c e  3nd 

r e l a t e  t h e  changes i n  their d i z t r i b u t t o n s  TO gcmagne t i :  stcYT'rs. 

The a n a l y s i s  of bremss t rah lung  i c t c n a i t y  rests upcn 

n 

some knowledge o f  the changes i n  electrc;! s~c;-t .r-urn w 3 t . h  t l m e  

and p o s i t i o n  i n  t he  geomagnetic field. ThroQgh t h e  i n t r p -  

duc t ion  of a parameter which r e v e a l s  when the e l e c t y o n  

spectrum changes a s  a function of pc3 ; t fo r l  o r  time we 

e-- 

. 

C .  , 
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sepa ra t e  s p e c t r a l  changes d u r i n g  magnetic z f o r m s  fr-ov. r'rar,g.-- ;; 

i n  mirrcr po in t  d i s t r i b u t i m s ,  e t c  . The nieastlrements; skcw 

that t h e r e  i s  a concent ra t ion  of e l e c t r c n s  a t  the equatcr 

dur ing  some geomagnetic s t o r m .  

Our r e s u l t s  l ead  t o  t h e  i d e n t i f i c a t i o n  cf" t w t :  Zr-r-ever- 

s ib l e  processes  among a l l  . t he  changes in the  electr.il3 i j ~ t e ~  

b e l t  d u r i n g  geomagnetic s t o m s .  One i s  an  energy cr p a r t i c l e  

ga in ;  t he  o t h e r  is an energy o r  pa r t i . z l e  icss. A l t h ~ t ~ g k  

i 

7- . .  
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not d i sproved ,  i t  a l s o  appears  u n l i k e l y  t h a t  th.e o u t e r  b e l t  

e l e c t r o n s  a r e  s o l a r  e l e c t r o n s  which a r r i v e  with silb-detect i c n  

e n e r g i e s  t o  undergo l o c a l  p c s t a c c e l e m t l o n .  It. is prcbable 

t h a t  t h e  i r r e v e r s i b l e  processes of ga in  and less cper&tfe 

on ambient e l e c t r o n s  and be ta  decsy e l e c t r o n s .  Scme con- 

d i t i c n s  are e s t a b l i s h e d  f o r  developing specific mcdels cf 

the  e l e c t r o n  o u t e r  b e l t .  

11. CHARACTERISTICS OF TH3 DETEZTC3R SYSTEM 

I n  o rde r  t o  separ-s-;e high-energ-- prctr .??  I > 75 Mev! 

and e l e c t r o n s  ( E  > 1 3  MeV) from b r m s s t r a k l m g  p r ~ d d c e d  hy  

lower energy e l e c t m n s ,  a t r i p l e  c o l n c i d e n c e  re lesccre  cI-*t- 

c i s t i n g  of seven aethane-argc? f i l l e d  gas " i - d n t e r ~  w 3 s  dsc-d 

fer: the d e t e c t c r s  (Figure 2 ) .  Ttiese c~~~;int-.zr.? .;pera?e3 4.1 

the semiproport ional  range w i t h  a dead-?ime 1-f C . 8  v i - . ~ r -  

seccnd. This makes it pcssible t o  d i s t i n g u t s h  +he c c s r t ; l c  r3y 

f i u x  fpom the t rapped pad ta t ion  i n  t h e  c u t e r  r s d i a t i c ?  telt 

and t o  s epa ra t e  t he  bremsstrahlung product ion f"r.c;rr: energetic 

prc tons  i n  the inne r  radFaC,ion b e l t .  a?,?u;s cf these f- 
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s e n s i t i v i t y  i n  t he  region from 75 t o  100 Mev, 3s shown i n  

F igure  3 y  m u s t  be taken i n t o  account .  

The noncoincident high count ing r a t e s  clP the single 

coun te r  du r ing  the  passage throi;igh the outela b e l t  m u s t  be 

due e x c l u s i v e l y  t o  geomagnetically t rapped  e l e c t r o n s  which 

produce bremsstrahlung e i t h e r  i n  the s a t e l l f t e  shelly 

i n t e r i o r  o b j e c t s ,  o r  i n  the surrounding l ead  s h i e l d .  'dith 

an  unknown energy spectrum it i s  obviously impossible  tc 

r e l a t e  the count r a t e  of the s i n g l e  coun te r  t o  the flux cf 

p a r t i c l e s  o r  energy f l u x  c a r r i e d  by the electrons i n c i d e n t  

on the veh ic l e .  

show i n  Sec t ion  X I  t h a t  s i g n i f l c a n t  l i m i t s  on tk-e par . t i c le  

f l u x  and on the p a r t i c l e  energy spec t r a  may be der-ived. 

However, wi th  proper  c a l i b r a t i o n ,  w e  s h a l l  

The response of t h i s  bremsstrahlung d e t e c t c r  t o  monc- 

e n e r g e t i c  e l e c t r o n s  was s tud ied  i n  the l a b o r a t o r y  using 

the e l e c t r o n  beam from Van de Graaff g e n e r a t o r s  (Hfgh-Voltage 

Engineer ing Co. and the General E l e c t r i c  C o . ) ,  and a low 

energy X-ray source a t  the Univers1t.y of Mimescta. The 

completely assembled s p a r e  payload cf Explorer  V I ,  with a 

mass d i s t r i D u t i o n  i d e n t i c a l  t o  the flfght u n i t ,  was mounted 

s o  t h a t  i t  could be r o t a t e d  about  two mutual ly  pe rpend t ru l sp  

axes f o r  exposing any po r t ion  of I t s  su r face  f;c d f rec t  

e l e c t r o n  bombardment. (The e l e c t r o n  f l u x  i n  the energy 

mnge from 250 Kev t o  1 Mev i n  d i s c r e t e  energy i n t e r v a l s  

i r r a d i a t e d  the payload from va r ious  d i r e c t i o n s  SG that a n  

averaged response of the  coun te r  f o r  I s o t r o p i c  r a d i a t i o n  

could be deduced. This  experiment d f f f e r s  f r o a  a n  expcsure 
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t o  p a r t i c l e s  i n  space i n  kwc, W Q ~ :  

p r e sen t  i n s i d e  t h e  payload;  and 2 )  t k e  electlaon beam fcr 

each  exposure was u n i d i r e c t f o n a l  I n s t e z d  of cmnfd i r ec t i cna l .  

Addi t iona l  measuremen,ts were cbt.ai.ned i n s i d e  the  vacuu~r! 

system iising t h e  bremsst.?ahlang detectc:? wi,t,h as! sbsc-ber. 

s imu la t ing  t h e  sa te l l l . i ; e  eke::. ) 

1) There was a i l -  

Since t h e  shell. of' E x p i o r e r  V I  payl.oad i s  made cf 

alum.inum 170 rng/cm2 +;l-!.~.:k, a l i  e l ec t . rons  w i t h  energies 

below 500 Kev a re  stopped .9,n th.e s h e l l .  Therefore  the 

response of eur radisttccn de tec tor -  t o  e l e c t r o n s  below 500 Kev 

i s  due entirely to bremss5xh lung  produced i n  t he  pay lcad  

s h e l l .  This was ver i f i . ed  kly. s b w i n g  t h a t  the ccunt r a t e  f o r  

ar, equ fva len t  electron Yi.'ux was pyopor t fona l  to t.he i n v e r s e  

square c?f the d i s t a n c e  tetweer, t he  de tec t .o r  and the 

i r r a d i a t e d  a r e a  o n  the ske1L. The ?.ngular distribution of 

X-rays w i t h i p  t h e  s a t e l l t t e  a p p e a r s  t o  be sof ' f ic ient . ly  i sc -  

t r o p i c  t o  use the inve r se  square l a w  for those p a r t s  c\f' %kc= 

payload where nc 3ppTSCF3ble sb.;orption material i s  l o c a t e d  

between t h e  s a t e l l i t e  slse'II and i 3 i x ~ "  d e t e c t o r  ~ The ~ s s : ~ m p t  Ion  

of i s o t r o p y  f o r  t h e  X-r-ays pr-oduced in .  the s h e l l  w i l l  be 

an  even G e t t e r  appi"oximat--Pm i n  .the < : c t a i  c a v  of ~ r r ! ~ t -  

d i r e c t i o n a l  incidence of e l ? L r r T f i z s  i n  spscc .  

For t h e  equatorial p lane  of  the  vebi .z le  wb.er.e t h e  

ins t ruments  and assoc?- ' l ted equfp;r,ert a r e  l o c a t e d  t h e  exper.f - 
mente1 count  r a t e s  fcr t h e  e l e c t m n  f l u x  !ncident,  a t  v a r i m s  
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p a r t s  i n  the payload were s tudied  and t h e  c a l i t r s 5 i c n  t a k e s  

i n t o  account f a c t o r s  which could in f luence  %e c c m %  race  

from low energy X-rays. 

From t h e s e  measurements we  w T s h  t o  c b t q i n  the  f l ~ ~  

of monoe nerge t i c  e l e  c t r c n s  i so t rop ica  1 ly i n c i  3 e R f  tlFIc.n 

the s a t e l l i t e  from the count ing rbte  of Q W  brer rss t rah lunc  

d e t e c t o r .  To t h i s  end w e  i n t e g r a t e d  over t h e  r ~ s ~ : c n u e  cuT6e 

i n  the e q u a t o r i a l  plane and added the QpFer and lower hemis- 

phere i n t e g r a t l o n s  of the payload shell s e p a r a t e l y .  3 x 1 ~  

w e  obtained t h e  response curve i n  count ing  r a t e  pe r  e l e c t m n  

per cm2 bcmbarding the  she l l  a s  shcwn i n  Figure 4 .  

p o r t i o n  of t h e  curve be5ween 200 Kev ar,d 1000 Kev r a n  'se 

expressed a s  a power law E 4 * 7 .  

The 

The performance of o u r  d e t e c t o r  systern f o r  s e p a r s t i n g  

t rapped  p ro tons  and cosmic r a d i a t i o n  from b r e m s t r a 5 i m g  

i s  c l e a r l y  shown i n  the  Explorer  V I  measurerents  of Fzgure 5 

which r e p r e s e n t s  a t r ave r sa l .  through %he i n n e r  a r d  cL te r  

r a d i a t i o n  be l t s  a t  high geomagnetic l a t . i t x k s . *  The t r f p l e -  

coincidence count ing r a t e  r i s e s  t o  a m x i v l m  ~7a iue  3 %  

8500 Km r e p r e s e n t i n g  the peak of the I n n e r  r a d i a t i o n  b e l t  

f o r  pro tons  > 100 M e V ,  and decpesses  t;, ii casrli,?e ri;y 

background a t  the r a d i a l  d i s t a n c e  Gf 959C Ka asd beyor,d. 

* During each  per iod  of s a t e l l t t ?  notion there a x  C,wo 
pas ses  through the Van Allen b e l t s  - we 3e€Lr5e ari i qgo ing  
o r  outgoing t r a v e r s a l  of t.he t rapped  raC1a::m ; is  3 Farbs, 
numbered consecut ive ly  from 1aunc"l. The d a r e s  1-f t h e  
consecu t ive ly  numbered passes  a r e  gfven Zn Aprendlr 'I, 
Table 111. 
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For  count ing p e x t r a t f n g  p a r t i c l e s  t h e  c a l c u l a t e d  

omnidi rec t iona l  cross-sect ; icn i s  5 . 5  em2 whzch i s  1.95 

t ime s t h e  c ros s  - se 2 t i o n  ?OF C,riple - c oinc  i d e  nee s nea sured 

wi th  Explorer  V I ,  arid 1.93 w l t h  Ptoneer  V .  These mcasure- 

ments were obtained us ing  the cmnid l r ec t iona l  ccsmic r a y  

i n t e n s i t y  a t  g r e a t  d i s t a n c e s  from the e a r t h  w i t h  no brems- 

s t r a h l u n g  p r e s e n t .  Any i n c x a s e  in t h i s  r a t i o  s i g n i f i e s  

bremsstrahlung d e t e c t e d  by the  s f n g l e  coun te r .  For  example, 

i n  t h e  ouker b e l t  t h e  b x m s s t r a h l u n g  r a t e  r eaches  1.8 x 

l o 4  counts/sec compared v J i C , h  a t r i p l e s  count r a t e  of 5 t o  

6 c o u n t d s e c .  f r o m  c9srni.s rac i ia t ion .  I n  Figure 5 it I s  

seen t h a t  d e t e c t i b l e  bremsstrahlung s e t s  i n  on the  oucer  

s lope  of t h e  inne r  radFatl.cn b e l t  and i n c r e a s e s  u n t i l  

reaching  a peak i n t e n s i t y  ;I' thc  o u t e r  belt. These measurc- 

rnents demonstrate t h e  s e p a r a t i o n  of the d e t e c t i o n  of brcms- 

s t r a h l u n g  from e n e r g e t f c  nucleonic  p a r t i c l e s  e It i s  a l s o  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t r i p l e  co inc idence  de tcc  tar 

has  measured untrappeG solar f l a r e  p ro tons  while i t  was 

i n  t h e  o u t e r  Tadla t ion  b e l t #  where the  h l g h e s t  s i n g l e s  

count r a t e  was 6,500 coun t . s / s cc .  (Fan, Meyer and Simpson, 

1960). 

111. THE EXISTENCE OF TWO ELECTRON INTENSITY PEAKS 

Typical d a t a  reco:Oded durJfr,g p a s s e s  t,hrough t h e  

t rapped r a d i a t i o n  r e g i o n s  a r e  shown i n  F igu re  6 and F i g u r e s  

7a and 7b .  They Imrnedi3tely reveal t he  exi_st;ence of t h e  

two e l e c t r o n  i n t e n s i t y  pcaks  which  w e ~ c  rc-pcrted i n  1?59 
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[Fan, Meyer and Simpson, 1960) .  Using an ion  chamber. and 

Geiger coun te r ,  the Minnesota group have confirmed the 

e x i s t e n c e  of t h i s  double e l e c t r o n  peak s t r u c t u r e  (Arncldy, 

Hoffman and Winckler, l96Ob). Since ou r  da t a  show thmugh- 

o u t  the e i g h t  weeks of Explorer  V I  r eco rd ings  t h a t  a double 

peak i s  a p e r s i s t e n t  c h a r a c t e r i s t i c ,  snd s ince  a re-evalua- 

t i o n  of e a r l i e r  space shot da t a  sugges ts  t he  poss ib l e  

e x i s t e n c e  of t h i s  in te rmedia te  range peak even over g r e a t e r  

pe r iods  of t i m e ,  we suggest t h a t  two separa ted  e l e c t r o n  

i n t e n s i t y  maxima may be a p e r s i s t e n t  f e a t u r e  of the oixter 

r a d i a t i o n  b e l t .  We, t h e r e f o r e ,  u s e  i n  t h i s  paper the 

nomenclature,  proposed e a r l i e r ,  d e s i g n a t i n g  w i t h  t h e  sub-  

s c r i p t s  1, 2 ,  3 t h e  peak i n t e n s i t i e s  a t  successive r a d i a l  

d i s t a n c e  and i n d i c a t i n g  by l e t t e r  P o r  E whether w e  observe 

pro tons  o r  e l e c t r o n s ,  i . e .  the e l e c t r o n  r eg ions  E2 and E3  

a r e  the o u t e r  Van A l l e n  b e l t ,  t h u s  t h e  maxima i n  F igu re  6 

a r e  i d e n t i f i e d  a s  PI ,  E2 and E3 .  

The two peaks i n  F igures  7a and 7b l i e  f n  t h e  E2 and 

E3 r eg ions .  

q u a n t i t a t i v e  s tudy ,  i t  i s  necessary  t o  t r a c e  the i d e n t i t y  

of these reg ions  through i n t e n s i t y  changes Gr p o s i t i o n a l  

changes of the o u t e r  b e l t  w i t h  t i m e  b e f o r e ,  dur ing  o r  

a f t e r  geomagnetic d i s tu rbances .  Therefore ,  w e  have def ined  

the maximum i n t e n s i t y  of E2  and the maximum i n t e n s i t y  cf 

E3 a s  " s igna tu res"  of the E2 and E3 r e g i o n s ,  and we u s e  

these maxima t o  t r a c e  the E 2  and E 3  e l e c t r s n  d i s t r i b u t i o n s  

i n  the geomagnetic f i e l d  bo th  i n  space and t i m e .  For 

To reduce t h e  Explorer  V I  cbse rva t ions  to a 

.-. 
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example, f o r  a given peak d i s t r i b u t f - o n  a t  t he  equa to r  du r ing  

times of qu ie scen t  g e o m a p e t i c  f i e l d ,  the peak i n t e n s i t y  i s  

t o  be ass igned  t o  a magnctfc l i n e  of" f o r c e  of t he  d i p o l e  

f i e l d  a t  range R, a s  w e  show i n  t h e  nexe\sect . ion.  

assumptions t h a t  t h e  gu id ing  c e n t e r  approxlmatfon ho lds  

With the  

for t h e  t rapped e l e c t r o n s  and t h a t  '20th t h e  energy spectrum 

and the p i t c h  angle  d i s t r i b u t i o n  do no t  d r a s t i c a l l y  change 

i n  the neighborhood of the l i n e  of fame through E 3  (max),  

w e  f i n d  t h a t  the maximum i n t e n s i t y  of the  e l e c t r o n s  w i l l  

be a long  a l i n e  of f o r c e  o v e r  t h e  e n t i r e  range of l a t i t u d e s  

f o r  which the  r a d i a t i o n  1;; t rapped  (Fan ,  Meycr and Simpson, 

1961). 

to give  u s  t he  t r a c e  i n  the n e r i d i a n  plane of the  geomagnetic 

l i n e  of f o r c e  pass ing  through S3 (max! o r  E2 ( m a x ) .  

T h u s ,  w e  may u w  the  position of maximum i n t e n s i t y  

I V .  THE GE~3TVl-fl-GNETIC FIELD A N D  THE REPRESENTATION 

CF EXPLORER VI ORBIT 

Since the magnetfr" f i e l d  of the e a r t h  i s  dcscrik\zd 

by a d ipo le  i n c l i n e d  wlth respect; t o  the r.otat,ion a x i s ,  

p l u s  higher order terms, and  nhe pe r iod  of the  s a t e l l i t e  i s  

approximately 12.7 hours, the  satellite successively p a s s e s  

through d i f f e r e n t  p o r t i o n s  of the  magnetic f i c l d  i n  f t a  

motion about  the e a r t h ,  c n l y  r e t u r n i n g  t o  i t s  i n i t i a l  pos i -  

t i o n  with r e s p e c t  t o  g c c w g n e t i c  c o o r d i n a t e s  af t e r  apprwxi- 

mately 32 s a t e l l i t e  p a s s e s .  For studies of the o u t e r  

r a d i a t i o n  b e l t  where the  range R ( d i s t a n c c  from d i p o l e  to 

s a t e l l i t e )  i s  the order. ol" 15 x I O 3  t o  30 x l o 3  Km.  or more.  
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w e  can neg lec t  the higher o r d e r  te rms .  The best tes t  for 

the v a l i d i t y  of t h i s  approximation i s  fcund i n  the  c c ; ~  

s i s t e n c y  w i t h  which da ta  obtained i n  t.ke o u t e r  r ad ia t . i cn  

b e l t  f i t  t oge the r  smoothly w i t h  t h e  d ipo le  approximation 

over a wide range of geomagnetic coord ina te s  snd a t  

d i f f e r e n t  times. This i s  shown a s  fo l lows :  

I n  Figure 8 w e  p l o t  t h e  p o s i t i o n s  of Ej (max) i n  

Ro ,  c o d h  coord ina te s  f o r  which t h e  l i n e  of f o r c e  i n  t h e  

c e n t e r  d ipo le  approximation becomes a s t r a i g h t  l l n e  pansinC; 

th rough  the  o r i g i n .  The da ta  used were obta ined  i n  a s h o r t  

time i n t e r v a l  s ince  we  f i n d  t h a t  the p o s i t i o n  of t h e  

i n t e n s i t y  maximum changes w i t h  t ime.  The high l a t i t u d e  

d a t a  have been co r rec t ed  accord ing  t o  Appendix 11. Wlthin 

the l i m i t s  of experimental  e r r o r s  which we be l i eve  t.c be 

+ 300 Km. the  da ta  l i e  on s t r a i g h t  l i n e s .  The da ta  f o r  

A u g u s t  21 were obtained d u r i n g  magnetic d i s t u r b a n c e s  

(F igure  13) when the  i n t e n s i t y  was changing by a l a r g e  f a c -  

t o r .  Hence, w e  conclude t h a t  t h e  centered  d i p o l e  approxi-  

mation i s  v a l i d  i n  t h e  o u t e r  r a d i a t i o n  b e l t  no t  only f o r  

the undis turbed f i e l d  b u t  a l s o  d u r i n g  t imes of geomagnetic 

d i s t u r b a n c e s .  This r e s u l t  has  been shown i n  our earlier 

r e p o r t  (Fan, Meyer and Simpson, 1960). The impoytant impll-  

c a t i o n  of the alignment of Ef, (maxi wi th  und i s to r t ed  d i p o l e  

l i n e s  of f o r c e  i s  the energy densi ty/ ,  a t  a l l  times mast 

be less than  the  magnetic f i e l d  energy d e n s i t y p m  i n  the 

ol; ter r a d i a t i o n  b e l t  ( f o r  otherwise the magnetic F i e l d  l i r i ~ .  

w G u l d  have been d i s t o r t e d  by t h e  presence cf the p a r t l c l c s ! .  

- 
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Thus t h e  problem r e d a c e s  t o  ?he description of the 

s a t e l l i t e  no t ion  i n  5~ geomagnetic d i p o l e  mersidian plane 

-- a r e p r e s e n t a t i o n  used a l s o  ky o t h e r  i n v e s t i g a t o r s  i n  

the  d e s c r i p t i o n  of satellite and space probe measurements a 

Figure  9 shows t y p i c a l  t r a j e c t o r i e s  i n  %he 1 - R  plane and 

i n d i c a t e s  how, o v e r  ar: extendled per iod  of t ime ,  l a r g e  

volumes of' space i n  the  v i c i n i t y  of t h e  t rapped  r a d i a t i o n  

a r e  covered by the ExpIo-rcr VI o r b i t .  

However, w e  w t s h  t o  p c i n t  o u t  ano the r  r e p r e s e n t a t i o n  

for t he  o r b i t  t r a j e c t o r y  ( F a n ,  Meyer and S-impson, 1961 1. 

I f  t he  d ipo le  approx imz lon  i s  v a l i d  f c r  o u t c r  b e l t  a n a l y s i s  

a s  w e  have claimed,  then the  geomagnetic f i e l d  l i n e s  a r e  

desc r ibed  by the equat ion  Ii = Rotos 1, where h i s  t h e  geo- 

magnetic l a t i t u d e  and R, " the  e q u a t o r i a l  d i s t a n c e  of a 

l i n e  of f o r c e  from t h e  c e n t e r  of  t h e  d i p o l e .  L ines  of  

f o r c e  w l t h  range R, amun;'. t h e  e a r t h -  a r e  equfva len t  ( a z i -  

muthal symmetry). Thus ,  ?k:e o r b i t  may be desc r iked  on 

a plane Ro v s .  R wherein c sch  f i e l d  l i n e  becomes a h o r i z o n t a l  

l i n e  i n  the two-dimensional ? , lot ,  T r a j e c t o r y  d a t a  i n  these 

coord ina te s  a r e  shcwn i n  F iga re  10, We.see t h a t  a sig- 

n i f i c a n t  pGrtilon of the r,;?+-.ellite motion way be p r o j e c t e d  

onto a s i n g l e  d ipole  iin--. of force whose range a t  the 

equa to r  i s  Rot. Since the e l e c t r o n  i n t e n s i t y  i s  measured 

cont inuous ly  w e  may o b t a i n  curaves for i n t e n s i t y  a s  a 

functio:: of A ( o r  magnet.:r f i e l d  i n t e n s i t y )  a long  a l i n e  

of f o r c e  a s  shown i n  Sec t ton  VTI. If' w e  allow a range 

spread of about 200 Km.  then  we 0131-aln u s e f u l  d a t a  of 

2 
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t h i s  type from over  one-third of a l l  Explorer  V I  t r a z e c t o r y  

passes. Among these  passes w e  f i n d  many which lie on the 

same Ro a s  the p o s i t i o n  of E 3  (maximum). 

I n  Sec t ion  V I 1  it w i l l  be shown t h a t  the i n t e n s i t y  

a long  a l i n e  of f o r c e  near E3 (maximum) changes r a p i d i y  

with h .  A l s o ,  w e  no te  from Figure 9 t h a t  the  s a t e l l i t e  

sometimes moves obl ique ly  a c r o s s  the r eg ion  of E 3  (max) 

where the i n t e n s i t y  i s  a s t rong  f u n c t i o n  of l a t i t u d e  and 

range.  For such c a s e s  the observed p o s i t i o n  of e l e c t r o n  

i n t e n s i t y  peak and the t r u e  p o s i t i o n  of i n t e n s i t y  maximurn 

a r e  i n  gene ra l  d i f f e r e n t .  T h i s  problem i s  d iscussed  i n  

Appendix 11. The problem i s  r e s t r i c t e d  t o  hfgh l a t i t u d e s ,  

s i n c e  a t  low l a t i t u d e s  the t r a v e r s a l s  a r e  always a t  a 

l a r g e  angle  w i t h  r e spec t  t o  the l i n e s  of f o r c e .  From 

Appendix I1 it i s  c l e a r  t h a t  c o r r e c t i o n s  i n  range and l a t -  

i t u d e  a r e  s i g n i f i c a n t  i n  l o c a t i n g  the t r u e  p o s i t i o n  cf 

E3 (max) a t  high l a t i t u d e s .  We have app l i ed  these co r rec -  

t i o n s  i n  the reg ion  of E3 (max) i n  t h i s  paper .  
I 

I n  Figure 11 t h e ' p o s i t i o n s  of the maxima f o r  r eg ions  
I 

E2 and E 3  a r e  p l o t t e d  i n  the meridian plane for- a large 

number of t r a j e c t o r y  passes .  T h i s  i s  a n  ex tens ion  of 

r e s u l t s  a l r e a d y  publ i shed  (Fan, Meyer an& Slmpson, 1960) 

From Figure  11 it i s  c l e a r  t h a t  the two maxlma l i e  a long  

l i n e s  of f o r c e  and r e t a i n  t h e i r  s e p a r a t e  I d c n t i t y  t o  

very high l a t i t u d e s .  It i s  a l s o  c l e a r  t h a t  the? i n t e n s i t y  

minimum between E2 and E 3  i n  the o u t e r  b e l t  i s  no? t h e  II gap" 

described i n  the l i t e r a t u r e  between the inrlpr and o~+.ifl '  b e l t s .  
. _  
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V. TEE RADIAL CiNN5-E OF ELECTF.ON BELTS 

To I n v e s t i g a t e  fa g r e e t e r  d e t e i l  t h e  r a d i a l  motion 

of the two e l e c t r o n  b e l t s  a s  a f u n c t i o n  of time which i s  

ev iden t  from Figure 11 we hsve used a l l  pas ses  through E2 

and E3  wi th  t h e  c r i t e r i o n  f o r  i d e n t i f i c a t i o n  of maxima 

o u t l i n e d  i n  Appendix 11. We then  Letermined t h e  e q u i v a l e n t  

e q u a t o r i a l  range Ro of t h e  magnetic d i p o l e  l i n e  of f o r c e  

on which each maximum was found t o  l f e .  The r e s u l t s  of 

t h i s  e x t r a p o l a t i o n  a p p e a r  i n  F lgure  1 2 .  Since svs temat ic  

and progress ive  errox's i r ,  t h e  t ime - p o s i t i o n  da ta  of the 

s a t e l l i t e  t r a j e c t o r y  could in t roduce  " d r i f t s " ,  w e  have 

i n v e s t i g a t e d  the ques t ion  of t h e  accuracy  of t h e  o r b i t a l  

d a t a ,  e s p e c i a l l y  wi.th r e s p e c t  t o  v a r i a b l e  atmospheric 

d rag  a t  p e r i g e e .  Although W E  know t h e r e  a r e  errors between 

t h e  c a l c u l a t e d  and r e a l  poa5t lons  of t he  s a t e l l i t e  a t  

small  range -- s e r i o u s  for i n n e r  b e l t  s t u d i e s  -- t h e  errors 

i n  t he  o u t e r  rcTjon u n t i l  a t  l e a s t  September 9 a r e  500 - 
100 Km. i n  rangc. (See Ap-wnillx 11.) It i s  r e a s s u r i n g  t o  

note  t h a t  a f t e r  pasc 67, on September 1 2  t h e  U . S , S . R .  

second cosmic rocket  d a t a  s1;owed a p r i n c d p a l  maximum In the 

o u t e r  e l e c t r o n  b e l t  a t  t h e  same p o s i t i o n  measured w i t h  

our  Explorer  V I  detector .  for r eg ion  E3 (max) on September 

13 (Vernov and Chudakov, 1760) .  Consequent ly ,  t he  l a r g e  

changes of range i n  F igure  12  r e p r e s e n t  r e a l  changes of 

t he  i n t e n s i t y  maxima w l t h  tfme and l ead  t o  t h e  conc lus ions :  

1) There exis t ,  r a p i d  and s lmul tancous  changes 

i n  range of E3 (max)  and E2 (rnax) d u r i n g  geomagnetic 

e- 
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storms. The magnitude of the change may be a s  

g r e a t  a s  1 6  of the t o t a l  range from the 

d ipo le  c e n t e r .  

Both reg ions  tend t o  undergo the same inward 

d i r e c t i o n  of motion wi th  the  magnftude of 

change be ing  much less f o r  E2. 

2 )  

Whether outward motion occurs  depends upon the i n t e r -  

p r e t a t i o n  placed on the da t a  a f t e r  the geomagnetic storm 

on 3 September. Unfortunately the ground s t a t i o n s  were 

c losed  f o r  a f e w  days.  We have i n d i c a t e d  by amows t h e  

a l t e r n a t e  i n t e r p r e t a t i o n s  which may be placed on the da ta  

a f t e r  September 3 .  Two r e g i o n s  cont inue t o  pers fs t  b u t  

their  i d e n t i t i e s  become obscure.  The maximum appearing 

beyond 2'7,000 Km. a f t e r  September 25 might be i n t e r p r e t a t e d  

a s  e i t h e r  a new region' forming and moving inward O ~ T  a 

s h i f t  i n  the previous E3 (max).  

i s  c e r t a i n  a t  some times, outward motion i s  not  excluded 

a t  o t h e r  times by our  r e s u l t s .  

I n  any case, iuward motion 

The phys ica l  explana t ion  f o r  these r a d i a l  motions 

of the o u t e r  b e l t  i s  unc lear .  I f ,  a s  appears  likely, the 

motions a r e  mainly inward then d r i f t  o r  d i f f u s i o n  a c r o s s  

l i n e s  of f o r c e  might seem t o  be an  a t t r a c t i v e  exp lana t ion ,  

e s p e c i a l l y  s i n c e  the d r i f t  occurred d u r i n g  a gecjmagnetic 

d i s t u r b a n c e .  Although inward motion of e lec t rcns  i n  non- 

uniform magnetic f i e l d s  i s  a wel l - recognized possibility 

(Herlofson,  1960; Parker ,  1961a), bo th  the s h o r t  time 

c o n s t a n t s  and the pe r s i s t ence  of a "sharp" maximum wi th  
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h igh  i n t e n s i t y  a t  a l l  rimes i n  the experimental  d a t a  

argue a g a i n s t  inward cliffiisfcn. 

The? changes have tne g r o s s  a jpearance  of l i n e s  of 

f o r c e  moving inward a s  t.hr,ugh the s c a l e  of t he  d l p o l e  

were dec reas ing .  It has  been argued t h a t  a s  a consequence 

of t h e  I n s u l a t i n g  skie1.1 of the e a r t h  l i n e s  of f o r c e  may 

be p rogres s ive ly  brougnt Inward (Gold,  1959 ) . However, 

t h e  peak d i s t r i b u t i o n  wuald r a p i d l y  d i s a p p e a r ,  c o n t r a r y  

t o  f a c t .  

The Argus experiEent  (Van Al len ,  McIlwain and 

Ludwig, 195.3b) showed khat the  i n t e n s i t y  maximum of t rapped  

&rays  from f i s s i o n  p r jd i l c t s  d i d  not  change r a d i a l l y  

du r ing  the  e n t i r e  pc-r ica  cf observa t ion  by more than  - 
30 Km.  even though geomagnetic d i s t u r b a n c e s  were t a k i n g  

p l a c e .  Since the ranges of 'she A r g u s  " she l l s"  were l e s s  

than  f o r  r e g l c n  E2, the i l a d i a l  motion w e  have found p r e -  

sumably has  i t s  o r i g i n  i n  magnetic f i e l d  and c u r r e n t  system 

changes beyond the  rsirigc of E2 and E3 a t  t h e  t imes  of 

geomagnetic s t o r m s .  

.,I 

V i .  

Sfnce the  sate1l:tc t r a j e c t c r i e s  c o v e r  a wlde range 

INTENSIT?? CI-IAN3F.S CF E2 A,W E3 R E G I O N S  WITH TIME 

of geomagnetic l a t i t u d e s  a s  a f u n c t i o n  of t i m e ,  the s p a t i a l  

d i s t r i b u t i o n  arid change:-; with tfme of the i n t e n s i t i e s  a r e  

in te rmixed .  We shall first c c n s i d c r  e x c l u s i v e l y  the d a t a  

obta ined  i n  an  e q u a t o r i a l  band of l a t i t u d e s  - + IOo f o r  which 

case  the  s p a t i a l  v a r i a t i , i n  may be neglected. Wcx s h a l l  t hen  
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extend t h i s  a n a l y s i s  t o  h igher  geomagnetic l a t l t u d e s ,  and . 

f i n a l l y  t o  a desc r ip t ion  of the i n t e n s i t y  a long a magnetic 

l i n e  of f o r c e  a s  a funct-lon of time. 

The r e s u l t s  f o r  i n t e n s i t y  changes i n  the e q u a t o r i a l  

plane are  shown i n  Figure 13 f o r  t he  reg ion  E3. 

f i r s t  seven days a f t e r  launch the  i n t e n s i t y  i s  cons tan t  

w i th in  the  accuracy of t h e  measurements. Thereaf te r  l a rge  

i n t e n s i t y  v a r i a t i o n s  occurred i n  a s s o c i a t i o n  wi th  geo- 

magnetic s t o r m s .  On August 16,  a severe geomagnetic storm 

For the 

began wfth sudden commencement a t  0400 UT. The magnitude 

of the changes i n  the  e q u a t o r i a l  h o r i z o n t a l  component of 

the geomagnetic f i e l d  a t  the sur face  of the e a r t h  i s  

p l o t t e d  i n  Figure l 3 A .  The magnetic f i e l d  i n  the  o u t e r  

b e l t  was a l s o  measured a t  t h i s  t i m e .  Figure 13B ( S m i t h  and 

Rosen, 1960; Smith and Sonnet,  1961) .  The pe r i cd  of 

v i o l e n t  magnetic d i s tu rbances ,  represented  by l a r g e  v a l u e s  

of Ap, continued i n t o  August 17 - 18. 

known t h a t  more than 7 - 1 0  days a r e  r equ i r ed  for the f i e l d  

t o  r e t u r n  t o  i t s  normal’ cond i t ion ,  the  second sudden com- 

mencement magnetic storm which began a t  0410 U.T.  A u g u s t  20 

m u s t  have been superposed on the recovery phase of the 

August 16 storm. The August 20 storm was co inc ident  I u i t h  

a sudden decrease of - 15% of cosmic r ay  i n t e n s i t y  i n  

space. (Fan , Meyer and Simpson, 1960 ? + 

Since it i s  well 

Gross changes of i n t e n s i t y  i n  the E3 reg ion  have 

a l s o  been observed with the  o the r  r a d i a t i o n  d e t e c t o r s  on 

Explorer V I .  (Arnoldy, Hoffman and Winckler, 196oa,15!60b;Ro~~11 - 
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Far l ey  and S o m % t ,  1360: The most obvious phenomena we 

nqte  arc' i3 sudden decrctaw of i n t e n z i t 7  fo l lowing  t h e  

i n i t i a l  phase (if tkc s t c l r m ,  and later, a bui ldup  by a 

f a c t o r  3 iq !ptens-Lty m;5thLrl 2h hours  du r ing  t h e  main 

phsse anC recovery of' th;, f-Lsst s torm.  The e q u a t o r i a l  peak 

in tensTty  Ir,crv?aseci another f a c t c r  - 3 a t  the time of 

t h e  secrJnd ma.:l;netic :t.or.n QYI 20 August. The i n t e n s i t y  

then gradua1l;J dec l incr ; .  and a f t e r  the magnetic storm of 

September 3 ,  r'cazhes appxa i rna te ly  t h e  va lues  obta ined  a t  

the time of Inunch. YE riots here t h a t  geomagnetic stoyms 

occurired a l m  on 2 0  Sept;:;orn:?e;-- and 3 October ,  These la t+uer  

two storms were m.!.noi- ccxpared wi5h the e v e n t s  of August 

16 and 20 .  

We now 5 nvcst.igatt3 the  i n t e n s i t y  changes with time 

a t  h ighe r  g e o m p e t i c  I . a t i t udes ,  v i z .  a t  h ighc r  f l e l d  

i n t e n s i t i e s  along l i m e  uf force through E3 ( T a x ) .  Since 

t;he Int,en:;ity d e c r v a s e s  raap' idly w i t h  i n c r e a s i n g  l a t i t u d e ,  

curve: s iaTla; .  'GO l ' igurz  13 a t  h i g h e r  l a t i t u d e s  can only  

he outnfcned by us ing  d,;ta from small  i n t e r v a l s  of l a t i t u d e .  

Theref'oi,e, a l l  c?r,ts 12 th: I n t i t u d c  Ln te rva l s  A = 20' - + 

10" and 40' I + 113'' werc Ln+xr*polated (Sec5ion V I I )  t o  20" 

and 4C0, mspcct;ivel;ST and 3 r t '  shown i n  F igu re  14. These 

c u r v e s  fa? 0", 2 C o  dn:i LiO" r e f l e c t  the changes of e l e c t r o n  

p.f.tch-an;,-le:: w-J th t t w .  'de di sc 'uss  q u a n t i t a  t i v e l y  t h e  

~hf s - l . ca l  rwd:~tn;~ of :hc sc- o b s c r v a t l o n s  a f t e r  cxaminint. t h c  

d e t a i l e d  :-I ectr-ol? ii-,t;cnii, t y  c l i s t r l b u t i o n  a l o n g  a l i n e  

of faz*ce. 

. . . I  
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VII. TIIE ELECTRON INTENSITY ALONG LINE 
QF FOXE AS A FUNCTIDI OF TIME. 

FrGm the  electxlon d e n s i t y  measured along a tube (?f 

force e i the r  the d i s t r i b u t i o n  of mi r ro r  p i n t s  OP the 

e q u a t o r i a l  p i t c h  angle d i s t r i b u t i o n  of e l e e t r c n s  may be 

determined. Thus, these measurements a r e  fundamental t o  

an  understanding of the e l e c t r o n  Scurce and loss mechanisms 

i n  t h e  o u t e r  b e l t .  

We note from Sect ion IV, Figure 10, t h a t  for some 

passes the s a t e l l i t e  moved along a d ipo le  l i n e  of f o r c e  

f o r  a s i g n i f i c a n t  i n t e r v a l  cf t i m e  and t h a t  approximately 

one-third of a l l  passes  contained da ta  of t h i s  kind. 

Curves f o r  I n t e n s i t y  I vs A have been conat ruc ted  by 

supplementing these passes  w i t h  t n d i v i d u a l  c ros s ings  of 

the same f o r c e  l i n e  a t  d i f f e r e n t  l a t i t u d e s  but  a t  closely 

r e l a t e d  t i m e s .  

$?e f i r s t  show i n  Figure 1 5  the i n t e n s i t y  along a 

l i n e  of force passing through the  maximum of E3 during 

t i m e s  when the geomagnetic f i e l d  i s  relatively q u i e t .  

Curve A i s  for a per iod before  the geomagnetic s torms,  

and Curve  B r ep resen t s  a q u i e t  period" where the counting 

r a t e  was s t i l l  high fo l lowing  the geomagnetic stc)rrn$. 

All a d d i t i o n a l  da t a  a long segments of lines of 
I 

f o r c e ,  not necessa r i ly  through E3 (max),  ape given In 

Figure 16 fclr L o t h  magnet ical ly  q u i e t  and geomagnetic 

storm periods.  

*The lowest magnetic d i s t u r t a n c e  i n d i c e s  f o r  Auguat and 

I 

September occurred on August 26. 
i 
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I n  the same way we i n v e s t i g a t e  the r e g i o n  E2. 

Unfor tuna te ly ,  due t o  the high l a t i t u d e s  of the t r a j e s t o r j  

through the reg ion  of  E2 maximum: t h e r e  a r e  only i n d i v i d u a l  

p o i n t s  and no s e c t i o n s  of d a t a  a long  l i n e s  cf f c r c e .  There- 

fore, w e  m u s t  be content  w i t h  c o n s t r u c t i n g  the i n t e n s i t y  

a long  tubes of f o r c e  u s i n g  d a t a ,  grouped cIvera a per iod c.f 

s e v e r a l  days.  Since we showed (Fan, Meyer and Simpson, 

1 9 6 ~  ) t h a t  the r e g i o n  E2 i s  r e l a t i v e l y  immune t o  t h e  

l a r g e  s c a l e  solar- induced phenomena a s s o c i a t e d  with E3 , 

w e  u s e  da t a  over  i n t e r v a l s  of time f o r  which  there was 

n e g l i g i b l e  change i n  r a n g e  Ro f o r  E2- These t i m e  i n t e r v a l s  

A2, R 2 ,  C2, D2 a r e  given i n  Figure 19. The assumption 

that  the spectrum i s  independent c,f l a t i t u d e  no longer  

holds  f o r  r eg ion  E2 a s  w e  s h a l l  show i n  Sect.ion V I I I .  

Hence, w e  m u s t  confine our  a t t e n t i o n  only  t o  the r e l s t i v e l y  

l a r g e  s c a l e  changes i n  s lope  of tk.e curves  w i t h  t i m e .  

The e l e c t r o n  i n t e n s i t i e s  a long  l i n e s  of f o r c e  are  shown 
i 

i n  Figure 19 where t h e  steep s lope  of curve 6 2  correspcnds 

t o  the time Augus t  17 - 18 of t h e  f i r s t  geomagnetic storm. 
i 

We conclude t h a t  d u r i n g  t h i s  phase of the storm the mean 

i 

p i t c h  angle  of e l e c t r o n s  i n  r eg ion  E2 a l s o  inc reased .  

V I I I .  CHANGES IN ELECTRON ENERGY SPECTRUM 
WITH RANGE, LATITTllDE AND TIME 

The a n a l y s i s  of the o u t e r  b e l t  e l e c t r o n s  has so 

f a r  provided u s  w i t h  the t i m e  dependent paramet.ers of 

e l e c t r o n  i n t e n s i t y  I ,  e q u a t o r i a l  range Ro of E3 (max), 

I 

I 
and a f u n c t i o n  x r ep resen t ing  the e l e c t r o n  p i t c h  a n g l e ,  l 

I 
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22,000 Km. Thus ,  the  e l e c t r o n  spectrum a t  high l a t i t u d e s  

and small  range i s  q u i t e  d i f f e r e n t  from t h e  spectrum a t  

E3 (max). 

i n  spectrum. 

Beyond 22,000 Km. there i s  a n e g l i g i b l e  change 

These conclusions a r e  v e r i f i e d  i n  Figure 21, where 

Pass  33 w e  have p l o t t e d  Z a long s e l e c t e d  l i n e s  of f o r c e .  

l i e s  i n  the E2 reg ion .  

du r ing  the i n t e n s e  magnetic storm, t h u s  proving t h a t  the 

i n t e n s i t y  changes along the l i n e  of f o r c e  i n  FLgure 17 

a r e  - not  due t o  changes i n  e l e c t r o n  spectrgm with l a t i t u d e .  

The d a t a  for Pass 22 were obta ined  

T3 i s o l a t e  gross s p e c t r a l  changes w i t h  t l m e  from 

these s p a t i a l  changes,  w e  have s e l e c t e d  only va lues  of the 

r a t i o  a t  E3  (max) i n  the e q u a t o r i a l  zone. This r a t i o  i s  

p l o t t e d  i n  Figure 22 a s  a f u n c t i o n  of the s ingle  propor- 

t i o n a l  counter  i n t e n s i t y .  We note  here  t h a t :  

a )  There a r e  no s i g n i f i c a n t  changes i n  spec t run  

u n t i l  a f t e r  r each ing  maximum i n t e n s i t y  a t  

Pass  25. 

b )  Af t e r  Pass 25 there i s  a sys temat ic  change of 

spectrum f o r  many days  (even thcugk! some of 

the v a r i a t i o n s  i n  r a t i o  may be due t o  changes 

i n  r ange ,  e t c .  ) 

These r e s u l t s  r e v e a l  t h a t  the e l e c t r o n  spec t r a  f o r  

Curves A and B i n  Figure 17 were d i f f e r e n t .  

The above a n a l y s i s  d id  not  depend upon assumptions 

r ega rd ing  the form of the e l e c t r o n  spectlum. 

assume, due t o  l a c k  of d e t a i l e d  informat ioc  t h a t  t h e  

If we 
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w i l l  the parameters  of the t rapped  e l e c t r o n s .  Is t h e  

o r i g i n  of the changes with t i m e  t o  be found e n t l r e l y  i n  

r e v e r s i b l e  p rocesses ,  f o r  example, the b e t a t r o n  e f f e c t ?  

O r ,  a r e  we fo rced  t o  conclude t h a t  a t  l e a s t  p a r t  of t h e  

e f f e c t  i s  brought about by p a r t f c l e  loss, l o c a l  e l e c t r o n  

a c c e l e r a t i o n  o r  i n j e c t i o n ,  and ,  t h e r e f o r e ,  a r e  we r e q u i r e d  

t o  admit t h a t  i r r e v e r s i b l e  p rocesses  a r e  prominent. i n  the 

changing c h a r a c t e r  of t h e  o u t e r  e l e c t r o n  r a d i a t i o n  b e l t ?  

I n  t h i s  s e c t i o n  we s h a l l  show how the a n a l y s i s  of 

t he  f o u r  parameters  Io, Ro,  x ,  Z a long  w i t h  a g r o s s  

knowledge of t h e  form of the t i m e  changes i n  geomagnctlc 

f i e l d  B enable  u s  t o  decide between these a l t e r n a t i v e s .  

F i r s t ,  w e  b r ing  t o g e t h e r  i n  F igure  23 t h e  main 

r e su l t s  of our a n a l y s i s  i n  e a r l i e r  s e c t i o n s  f o r  t h e  pe r iod  

b e f o r e ,  dur ing  and a f t e r  the two geomagnetic storms on 

A u g u s t  16 and 20. 

cause of t h e  l a r g e  s c a l e  e f f e c t s ,  and the a v a i l a b i l i t y  

This i n t e r v a l  of t ime was chosen be- 

of l a r g e  amounts of d a t a .  

Second, our  a n a l y s i s  i s  r e s t r i c t e d  t o  the r eg ion  

E3 where the p o s i t i o n  of the maximum i n t e n s i t y  I n  the 

d i p o l e  f i e l d  i s  used a s  a " t r a c e r "  t o  fo l low t h e  e l e c t r o n  

d i s t r i b u t i o n  with time. When w e  s t a t e  t h a t  a p a r t t c l e  

d i s t r i b u t i o n  remains on a l i n e  of f o r c e  through R, we 

a r e  us ing  t h i s  l i n e  of f o r c e  a s  r e p r e s e n t a t i v e  of a l l  

l i n e s  of f o r c e  around the e a r t h  a t  range R, acrass x h i c h  

these  p a r t i c l e s  d r i f t  with t i m e .  \?e have assumed t h c  



-28- 

cen te red  d ipo le  approxinatio‘n where t h e  f i e l d  shape i s  

independent of l o n g i t u d e ,  

T h i r d ,  s ince  the  i n t e n s f t y  changes of the geomagnetic 

f i e l d  were measured i n  t h e  E3 r eg ion  by the  magnetometer 

on Explorer  V I  a s  shown i n  Figure l3B, w e  c a l l  a t t e n t i o n  

here t o  t h e  conclusion,  important  f o r  the a n a l y s i s  which 

follows, t ha t  t h e  magnetic f i e l d  changes a t  the l o c a t i o n  

of the E3 reg ion  and a t  t he  su r face  of t h e  e a r t h  (see 

Figure 13A ) a r e  s i m i l a r  -- e s p e c i a l l y  w i t h  r e s p e c t  t o  t h e  

s i g n  of t h e  change i n  i n t e n s i t y  w i t h  t ime.  

t h a t  s i g n i f i c a n t  d e v i a t i o n s  of t h e  magnetic f i e l d  from 

the d i p o l e  approximation do n o t  appear  i n  the Explorer  VI 

magnetometer r eco rds  d u r i n g  t h e  magnetic s torms u n t i l  

ranges  I n  excess  of 2 5 , O O C l  Km a r e  reached ( S o n e t t ,  Smith,  

Judge and Coleman, J r . ,  1960!. 

We a l s o  no te  

From F igures  13 and 2 3  w e  d i v i d e  i n t o  e igh t  suc- 

c e s s i v e  t i m e  i n t e r v a l s  t h e  major changes i n  the o u t e r  

r a d i a t i o n  b e l t  and r e l a t e  them t o  the p h y s i c a l  p r o p e r t i e s  

of the b e l t  and t h e  magnetic f i e l d .  

. 
Period t 
(Aug. 7-$5 )  T h i s  i s  the prestorm p e r i o d  where the mf r ro r  

p o i n t  d i s t r i b u t i o n  was c o n s t a n t  and the 

I n t e n s i t y  phanged by less  t h a n  1% per day 

f o r  t h e  o r d e r  of 7 days .  - c o n s t a n t  e 
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R 0 ( t l )  G 23,000 Km. 

i ( t ,  1 c ons t a nt 

These r ep resen t  the i n i t i a l  c o n d i t i o n s  f o r  

our a n a l y s i s .  

Per iod t 
Aug. 16-?7 The sudden commencement of a magnetic storm 

occurred a t  0405 U. T. August 16. O u r  f i r s t  

da ta  a f t e r  t h a t  time were obtaiqed. on Pass  19 

( A u g u s t  17) dur ing  the main (depressed  

i n t e n s i t y )  phase of the magnetic storm. Tlie 

ma,znetic d i s tu rbance  index ilp was hi@ 

t h r o u g h o u t  t h i s  7e r iod  of t i m e .  

x ( t - 2 )  unknown 

R,(t2) $5 22,000 Km. 

z(t2) Z ( t l ) ( n e g l i g i b l e  sycc t r t lm  
change ) 

We corclude t h a t  t h e  changes between tl and 

t 2  c o u l d  be expla ined  by b c t a t r o n  deccler-2ticn? 

Period t 
Aug.  17-38 The magnetic f i e l d  i n t e n s i t y  a t  b a t h  the 

e a r t h  and a t  the r eg ion  of E3 (max) had 

r a p i d l y  r e t u r n e d  t o  w i t h i n  /v 0.6 of i t s  

- 

prestorm value f o r  Pass 21  on A u z u s t  18. The 

magnetic d i s tu rbance  index Ap was s t i l l  h igh .  

* The S.T.L. s c i n t i l l a t i o n  d e t e c t o r  count rate increascd  a t  
t h i s  t i m e .  ':.le d i s c u s s  t h i s  i n c r e a s e  i n  S e c t i o n  X I I :  
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2 I O ( t 1 )  

s 1.2 

+ R O ( t 1 )  

p= z(t,f 
range Ro of E3 (max) was the same 

s 'sorm,(2) the  magnetic f i e l d  has  

remained u n d i s t o r t e d  and ( 3  ) the f i e l d  i n t e n s i t y  

was s t i l l  below t h e  prestorm v a l u e ,  the fnc rease  

of  I, a t  t3 5y a f a c t o r  > 2 above I,(tl) can 

on ly  be explafned  by some i r r e v e r s i b l e  p r o c e s s .  

I n  f a c t  no t  on ly  i s  I o ( t 3 )  > Io(tl) b u t  a l s o  

X ( t 3 )  > x(t,). 
Period t4  
Aug.18-19 The magne5ic f i e l d  c o n t i n u e s  s lowly t o  i n c r e a s e  

towards normal i n t e n s i t y  on Pass  23. The e l e c -  

t r o n  flux is i n c r e a s i n g  anti a f l u x  appears  a %  

g r e a t  d i s t a c c c o -  ( p 40,000 K m )  3 s  shown i n  

Sec t ion  X. 

R,(tLk)  = RO(tl) 

'7(i-.J, = z ( t l )  

T h i s  s t e p  could be possibly accounted for by 

b e t a t r o n  effect. 
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PerI.od t5 
Aug. 20 

5 Period t 
A U ~ .  21- 6 

The second magnetic storm with sudden cgmmence- 

ment a t  0410 U.T. August  20 was fol lowed w i t h i n  

f o u r  hours by pass  25. - I o ( t 5 )  - 6 Io(tl) 

R&5) - RO(t4) - - -2000 ICm. 

x h  1 

z ( t 5 ) z  a t l )  
kJe could account f o r  the flu:: i n c r e a s e  a s  ;1 

r e v e r s i b l e  p rocess  - i f  the f i e l d  inc rease  comes 

about t h r o u g h  t h e  change i n  r a n p  of  2000 Km 

f o r  E3  ( m a x ) .  Note the high concen t r a t ion  of 

e l e c t r o n s  confined t o  w i t h i n  d + 15O of the 

geomagnetic equa to r  a t  t h i s  t i m e .  

Between t 5  and t 6  t h e r e  a r e  t h e  followin; 

z ( t 6 )  A Z ( t l )  ( T h i s  s i g n i f i c n n t  chann,e 
of the spectrum" 'is in -  
dependent of' 1 3 t i t L i d . c .  ) 

The measurements f o r  Curve B cen te red  i n  t i m c :  

on August 26 a r e  f o r  i! per iod  of magnct ica l ly  

q u i e t  days even thouzh t h e  magnetic f i e l d  i n -  

t e n s i t y  a t  E3 (max) was s t i l l  bclorvr prcstorm 

*See Appendix I11 fo r  probable form of spectrum chanze. . -  
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l e v a l .  Rote t h a t  t he  da t a  suggest  a lowering of 

mi r ro r  p o i n t s  and inc rease  i n  f l u x  a t  high l a t i -  

tudes  even though the  f i e l d  s t r e n g t h  i n  t h f s  

reg ion  cont inued t o  i n c r e a s e .  

v - .  

Period t 
Aug. - 26-30 

Io(t+ = 2 I0(tl) 

R J t 7 )  6= R , ( t l )  

X ( t 7 )  = X ( t 6 )  = x ( t l )  

z ( t 7 )  z ( t 6 )  
We f i n d  here a r e d u c t i o n  of i n t e n s i t y  by a f a c -  

t o r  of 2 without  a s i g n i f i c a n t  chance i n  the 

p i t chang le  d i s t r i b u t i o n  and t h e  spectrum. 

Period t 8  
Sep t .  3 The magnetic storm of September 3 wi th  sudden 

commencement a t  2200 U . T .  was fol lowed by 

high Ap v a l Q e s  and r e s u l t e d  i n  a r a p i d  r e t u r n  

of I, t o  t he  value I,(tl) w i t h o u t  a s i g n i f i c a n t  

change i n  x a s  seen i n  F igure  16. 

I o ( t 8 )  S I ( t l )  

X ( t 8 )  = x ( t 1 )  

R o ( t 8 )  = u n c e r t a i n  

z ( t 8 )  z ( t 7 )  
It i s  d l f f i c u l t  to prove e x p e r i m e n t a l l y  t h a t  a pro-  

cess  is r e v e r s i b l e  because so much m u s t  be  known about  130th 

t h e  p a r t i c l e  and maGnetic f i c l d  p a m m e t e r s .  

Parker  ( P a r k e r ,  1961b) recen 'c ly  has  shown t h a t  thc 

For example, 
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supe rpos i t i on  of two deformations of the geomagnetic f i e l d  

can approximate almost  any v a r i a t i o n  of e l e c t r o n  d i s t r i b u -  

t i o n  which main ta ins  a "bell-shaped" l a t i t u d e  dependence. 

Parker  f i n d s  t h r e e  a d j m t a b l e  parameters  a r e  r equ i r ed  t o  

desc r ibe  t h e  p o s s i b l e  r e v e r s i b l e  changes i n  a SloWiy changing 

geomagnetic f i e l d :  

n i tude  of t h e  f i e l d  Bo, a ( t )  g i v i n g  t h e  s c a l e  or" t h e  f i e l d ,  

and Mt) d e s c r i b i n g  t h e  f o r m  of the f i e l d  l i n e s .  

wherever vie s t a t e d  t h a t  a g iven  s t e y  c o u l d  5c expla ined  a s  

a r e v e r s i b l e  p rocess ,  ??e imply the p o s s i b i l i t y  3f invokinz 

changes i n  t h e s e  maznetic f i e l d  parameters  t o  r e c o n s t r u c t  

the observed change i n  e l e c t r o n  d i s t r i b u t i o n .  

namely T ( t )  which de termines  t h e  ma,?- 

Accordinzly,  

The changes occur r ing  between some of t h e  eizht 

p e r i o d s  above may be r e v e r s i b l e .  

changes which, under any model f o r  t rapped  p a r t i c l e s ,  could 

no t  be expla ined  by r e v e r s i b l e  p rocesses .  

on ly  prove t h a t  one of the s e r i e s  of changes i s  i r r e v e r s i b l e ,  

and we prove the p rocess  a s  a whole t o  be an  i r r e v e r s l b l c  

e f f e c t .  

period tl t o  pe r iod  t 3 .  

However, there a r e  some 

Indeed,  we need 

For  t h i s  t e s t  we choose first the change from 

We note t h a t  between tl and t3 the magnitudc of B 

decreased ( T ( t )  was decreased)  while bo th  the d ipo le  char- 

a c t e r  of the f i e l d  l i n e s  and the range of t h e  f i e l d  l i n e  

through E3 (max) were preserved ( a  ( t  ) and v (  t ) c o n s t a n t ) .  

Y e t  the e l e c t r o n  d e n s i t y  a t  t 3  m s  everywhere treater than  

a t  tl. This chanze i n  the r a d i a t i o n  b e l t  had its o r i g i n  

e i ther  i n  a n  i n c r e a s e  i n  ener,gy of the a l r eady  t ra3pcd 
IC.- 



2 2l;- 

e l e c t r o n s ,  o r  a d d i t i o n s 1  ; ? m t f c l e s  hs~7e Secn added i n  t h e  

energy range t o  which the ‘ ~ e , e c t o r s  a r e  senst-cive.  - L  

What i r r e v e r s i b l e  p r sces s  could b r i n g  abou’., t h i s  

r e s u l t ?  Brtef’ly, t h e r e  e x i s t  two extreme a l t e r n a t l v e s :  

a )  If, a t  pe r iod  t2 durtlng the  main phase of thc 

geomaznetic storm wi th  the total f I e l d  i n t c n s l t y  

a t  i t s  minnimm v s l w ,  c l e c t r o n s  arc i n j cc t cd .  some- 

how w i t k r  ener,;ien below the  detection l c v e l  of‘ 

t h e  bremsstrahllnng d e t e c t o r s  t h e n  when the  f i c l d  

recovers  to CJ 0.6 of its i i i i t i a l  value t h e s e  

n?w p a r t i c l e s  could be brought up t o  e n e r g i e s  

where they  p x d u c e  bremss t rah lunz  with inc rzased  

e f f i c i e n c y .  i-Imever, t h i s  explanat . ion i s  u n l i k e l y  

s i n c e  it l s  reqgi red  to preserve  thc r a t i o  Z ( o r  

t he  spectrum) and the  new p a r t i c l e s  would have to 

be concen t r a t e2  about  E3  (max) t o  p re se rve  the 

range of E3 ( m x )  . 
b )  Durinz t h e  7crioc-l t2 of the storm’s main phase 

there  were s m a l l  scale b u t  r a p i d  rnape5i.c f i e l d  

intensity v a r l a t i c n s  (high Ap b- which c3uld bc i n -  

voked through ?me i r r e v c r s i b l e  p rocess  to 0 c c c 1 ~ -  

r a t e  e l e c t r o n s .  Such a n  unspccif  i e d  p rocess  plLlS 

the p a r t i a l  recovcry  of o v c r - a l l  f i e l d  i n t c n s i t y  

could not only  lorrnc the i n t c n s l t y  above TLF, 

p r e s t o r m  vaiulc I’)II~, a l s o  I n c r e x s c  the  c’lL:ctrwn 

d e n s i t y  n e a r  2-n chc cqua t o r  ~ 

-.-- 
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We do not  a t tempt  here t o  b u i l d  models f o r  the obscmcd 

i r r e v e r s i b i l i t y  b u t  only emphasize t h a t  the e x i s t e n c e  of 

t h i s  s tep removes the p o s s i b i l i t y  f o r  a r e v e r s i b l e  theory  D f  

o u t e r  b e l t  i n t e n s i t y  varLat ions .  

Another i r r e v e r s i b l e  s tep c l e a r l y  c x i s t s  betisccn t5 and 

t 6 .  
t e n s i t y  i n c r e a s e s  while the changing e l e c t m n  d i s t r i h u t i 3 n  

remains a l o n g  a d ipo le  l i n e  of f o r c e  of c o n s t a n t  R o .  The 

evidence i s  a g a i n s t  any change i n  s c a l e  or" the f i e l d .  The 

e l e c t r o n  m i r r o r  p o i n t  d i s t r i b u t i o n  r e tu rned  t o  n e a r l y  the 

prestorm va lues  which i s  e q u i v a l e n t  t o  the e q u a t o r i a l  i n t c n -  

s i t y  d e c l i n i n z  while t h e  h i g h  l a t i t u d e  i n t e n s i t y  inc reased .  

These changes were accompanied by a change i n  energy spectrum. 

If we assume t h a t  t he  spectrum was of the form E' t hen  

we observed an  i n c r e a s e  i n  d . These changes reveal- an  

On t h e  b a s i s  of e q u a t o r i a l  d a t a  the magnetic f i e l d  in -  

C Y  

i r r e v e r s i b l e  l o s s  of p a r t i c l e  energy ,  or p a r t i c l e s .  Thc 

da ta  i n d i c a t e  a r e l a t i v e  l o s s  of p a r t i c l e s  a t  hi$i energy 

which could come about  e i t h e r  by t h e  escape Df high enerS7 

p a r t i c l e s  o r  a r a d i a t i v e  ener,v l o s s  a t  hizh ener-gy. A 

s i m i l a r  i r r e v e r s i b l e  process  i s  found between t5 and t7. 
Thus  cur I n v e s t i g a t i o n  has  led u s  t o  two i r r cve r s lk l c  

p rocesses ,  one a n  i r r e v e r s i b l e  energy Sa in  and the  o thcr  3 n  

i r r e v e r s i b l e  loss. A t  p re sen t  we do no t  understand e i t h a r  

of the underlying phenomena. 
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X. The Electr-on Fluxes Beyond the O u t e r  Belt 

At ranges g r e a t e r  than  40,000 Km (cor responding  t o  

l i n e s  of fo rce  reaching  the e a r t h  a t  geomagnetic l a t i t u d c s  

g r e a t e r  than  67O ) t he  p r o p o r t i o n a l  counter  normally d e t e c t s  

on ly  the cosmic r a y  f l u x .  Therefore  , we may invoke 2 hy- 

p o t h e t i c a l ,  s p h e r i c a l  sctrface with r a d i u s  of' LL0,OOC Km t o  

surround the traypecl rad.iat.ion and determine the f l u x e s  c'f 

h izh energy e l e c t r o n s ,  if' any, which a r c  t r a p p e d  o r  p a s s  

throu7.h t h l s  "boundary" from time t o  t i m e .  Ve do th i s  by 

p l a t t i n g  i n  Figure 24 the  ? i n g l e  count rate for a l l  da t a  

a t  d-€stances greater t h a n  40,000 Km. a s  a f u n c t i o n  of t1v-e. 

AS shown i n  Sec t ion  11, t h i s  count r a t e  i s  the  SUM of the 

omnidi rec t iona l  coslnFc r a y  i n t e n s i t y ,  normally 9.5 counts /  

sec . , and. any bremsstrahlung produced by e l e c t r o n s .  The 

s i n z l e s  count r a t e  for the  cosmic r a d i a t i o n  e x h i b i t e d  

t h r e e  successive Forkush type i n t e n s i t y  d e c r e a s e s ,  a s  shown 

by the  arrows i n  Figurz 24. T h u s ,  the excess  count r a t e  

over  approximately 10 coilnts/sec . i s  due t o  lJremsstrahlunL-: 

by e l e c t r o n s  i n c i d e n t  cn  Explorer VI. One s i n g l e  count 

i n d i c a t e s  a n  ornnid i rec t iana l  i n t e n s i t y .  of 3 x lo6  e l e c t r o n s /  

sec/cm* if '  the  energy i s  200 Elev. 

t o  low l e v e l  f l u c t u a t i o n s  (less t h a n  1 count / sez .  ) th2r.e 

e x i s t  occas iona l  ou tscanding  b u r s t s  , e s p e c i a l l y  thc i n c r c a s c  

WE no te  t h a t  i n  addLt i@n 

on A u ~ u s ' c  19, whtch wo~ilcl  r e p r e s e n t  a f l u x  of 9 x 10 6 

elc>ctrons/scc . -c td  for ~ ( O O  K ~ V .  c l c c t r o n s .  

The s c i i1 t I. 11 a ti c) n c 0 u n t  c p iic t,c c t. e d 1-3 p i d f n t c' R : i t,;r 

f 1UCtua'CiOns correlr'iec! with m3znet3mctep f l u c t u z t i o n s  ir, 
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the same r e g i m s  of  space ( F a r l c y  and liosen, 1960). " h e x  

e l e c t r o n s  must be t rapped.  

Since these e l e c t r o n s  appeared d u r i n g  t h e  per iod  cf' 

i n t e n s i t y  b u i l d u p  i n  reg ion  E3 it i s  tempting t c  zssume th3t 

the f l u x  r e p r e s e n t s  the a r r i v a l  of s o l a r  c l . .cctr~r is ,  irhich 

diffuse inward i n  the  eqv.atoria1 magnetic, f i v l d .  Iiwever 

they  could n 9 t  be p rcacce le ra t ed  e l e c t r o n s  i t J h i C h  f i n d  th2lP 

way i n t o  t h e  E 3  r e g i o n  for t h e  purpose gf pmducing  t h e  

many-folG inc rease  of e q u a t o r i a l  i n t e n s i t y  because: 1) thc 

E3 i n t e n s i t y  b u i l d u p  b e p n  ( be twe e n pe r Id s 2 Ed 

h3urs  before t h l s  d i s t a n t  f l u x  rench39 a hizh I - v e l  2nd 

only a f t e r  thc  kind of f i e l d  f l u c t u a t i a n s  which m f , c h t  t?lJ-w 

t rapp ing  had subsided;  2 )  t h e r e  i s  no - a p r i o r i  mechenism 

whereby the process of t r app ing  nex p a r t i c l e s  s h x l c l  :re- 

serve the  l o c a t i s n  of E3 (max), or the encrE7 Ypcctrum; snd 

3 )  a s  a p recond i t ion  f o r  t r a p p i n g ,  the inc3min; p r t f s l c  

d e n s i t y  m u s t  approximate t h e  trapTed pzz-ticlc ?:cnc,LL,..; 1>u t ,  

on A u g u s t  18 - 19 the  flux was s e v e r a l  o r d e r s  02 naLnitude 

lower than  r e q u i r e d .  

However, the p o s s i b i l i t i e s  e x i s t  t h a t  t hcse  p a r t i c l r o  

a r e  " s p i l l a g e "  from t h e  a u r o r a l  zone, o r  t h a t  t hey  hzve 

d r i f t e d  OUtvJard from the equa to r  a s  a r e s u l t  of instnh-i1'1tIc3* 

du r ing  t h e  r a p i d  b u i l d u p  of E3 (ma:;) i n t e n s i t y .  

* For example, t h e  r e c e n t l y  s tud ied  ve loc i ty-space  i n s t a b i l i t y  
obserT;ed- i n  m i r r o r  machine geometr ies  hy R .  F. Pos t .  ( P r i v a t e  
communication i ' m m  R .  F .  P D s t  t o  J . A . S .  (3. F. P o s t  c?nfi 
t!. A .  Pe rk ins ,  1961).  
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XI. Elec t ron  Flux, EnerbT Dens i ty  and Spectrum 

Bremsstrahlung measurements do not  ;Sive d i r e c t l y  the 

--- e l e c t r o n  f l u x  and enersy  sFectrum. The re fo re ,  lire s h a l l  

assLtme an  enerzy spectrum and compute the e l e c t r o n  f l u x  

Trom the s i n g l e  counter  count r a t e  and responze  curve i n  

Fizure 4 f o r  monoenergetic e l e c t r o n s .  

spectrum, we have t h e  a d d i t i o n a l  baundary co i ld i t ion  t h a t  t h c  

ener,gy d e n s i t y  of t h e  geomagnetic f i e l d  

m u s t  cons iderably  exceed the e l e c t r o n  energy d e n s i t y  p e 

a t  t h a t  p o i n t .  

for both  normal and d i s t u r b e d  geomagnetic f i e l d  c o n d i t i o n s .  

This boundary c o n d i t i o n ,  

l i m i t i n g  case  of the geomagnetic equa to r  a t  the range of 

maximum E3 i n t e n s i t y ,  where t h e  e l e c t r o n  d e n s i t y  i s  highest  

end t h e  f i e l d  e n e r F j  d e n s i t y  i s  lowest a long  the  l i n e  of 

f o r c e  pas s ing  through E 3  (max) .  For the q u i e t  per iod  p r i o r  

t o  14 August, 1959 where E? (max) l i e s  a t  approximately 

22 tQ 23 x l o 3  km, :;re f i n d  f o r  an  undis turbed  d i p o l e  f ie16 

a magnetic f i e l d  energy d e n s i t y  of LV 2 x erg/cm3. 

Experimental evidence on the e l e c t r o n  spectrcxm is 

F o r  any assumed c n c r g  

a t  any p o i n t  P m ,  

T h i s  c o n d i t i o n  was proved i n  Sec t ion  I V  I 

, i s  most severe  i n  the 
P m  7 p e  

I 

I 

7 - 
s c a r c e .  The only d i r e c t  measurements ( I b a l t ,  Chasc, C l ? d i s ,  

ImhoT' and Knecht, 1'360; C l a d i s ,  Chasc, Imhof and Knecht, 

1961) were c a r r i e d  out  a t  lcw a l t i t u d e  ( 

a l i n e  of fo rce  pas s ing  through t h e  geomagnetic e q u a t c r  a$ 

9 range of 9000 Km.  and,  t h e r e f o r e ,  far belo!;r the range 

o f  I32 (max). 

1000 Km! alonG 
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I n  the energy range a c c e s s i b l e  t o  o u r  d e t e c t o r s  

the i r  da t a  a r e  c o n s i s t e n t  with a d i f f e r e n t i a l  energy spectrum 

of t h e  form N ( E )  dE = A 3 - r  dE with 4 4 $ 4  5 .  

exponent ag rees  wi th  the a n a l y s i s  of t h e  r a t i o  of G .  M .  and 

p ropor t iona l  coun te r s  f o r  a range less t h a n  t h e  range ol" 

E2 (max) 2 s  shown i n  F igures  20 and 2 5 ,  Appendix 111. 

This 

It 

then  fo l lows  t h a t  i f  we cont inue t o  assume 3 power  la^ 

s 3 E s t r u m  t o  r anzes  beyond E3 (max),  t hen  the  esponent drops  

t o  r33. Thus i n  t h e  d i s c u s s i o n  which follows T:Je s h a l l  

assume a d i f f e r e n t i a l  power law spectrum with 3c&L 5. 

??e may determine the e l e c t r o n  f l u x  f o r  the time 

i n t e r v a l  August 7 - 14, 1959 a t  E3 (max) i n  t h e  e q u a t o r i a l  

plane a s  fo l lows .  The count ing r a t e ,  I ,  of  a s i n g l e  pro- 

p o r t i o n a l  coun te r  i s  gfven by 

E2 

I =  \ E1 N(E) G ( E )  dE 

where N ( E )  i s  the e l e c t r o n  d i f f e r e n t i a l  energy spectrum and 

G ( E )  i s  t h e  response f u n c t i o n  of o u r  d e t e c t o r ,  shown i n  

Figure 4 .  

I s ince  the f u n c t i o n  G ( E )  f a l l s  o f f  f a s t e r  than  E4.? below 

100 Kev. On the other hand, the value of re i s  extremely 

s e n s i t i v e  t o  El s ince  the power spectrum i s  d ive rgen t  a s  

E1 _j 0. For  the p resen t  case we set  El =t; 10Q ICev. Thc 

upper l i m i t ,  E2, i s  n o t  well known. Fmm I J a l t ,  et 3 I ,  it 

should be l e s s  than  800 Kev. From the results of Van A l l r : n  

The lower l i m i t  El i s  not  c r i t i c a l  f o r  determining 

-- 

and the Sov ie t  measurements, E2 i s  c o n s i s t e n t  with a *Jnliic 

less  than  1000 Kev. Therefore ,  we assume E2 = 1000 Ksv. 
' .. . 
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The parameter A i n  t he  expres s ion  AE' f depends very l i t t l e  

on  the choice o f  El, b u t  is s c 2 s i t i v e  t o  the  choice of  E2. 

I n c r e a s i n g  E, - reduces A.' 

The va lues  fijr the  i n t c z r a l  e l e c t r o n  f l u x  i n  thc 

r eg ion  E 3  a t  the gcomapctj-c e q u a t o r  aye givcn for 

an2 

thc c a l c u l a t i o n s .  To show t h a t  the r e s u l t s  c r e  n o t  very  

s r i i s i t l v e  t o  the choice of t h e  upper l i m i t  E2, f l u x  v a l u e s  

Cor both  Z2 = 1 Mev and E2 = 2 r4ev are Tivcn. 

= 3 

d = 5 i n  Table 11, a long  with t h e  paramcters  used i n  

The e l e c t r o n  energy d e n s i t y  i s  t h c n ,  

e, =L? ~d & 

z V' 
where c(g) s c f-' i s  t h e  v c l o c i t g  of t h e  c l c > c t r o n s ,  

, and. me and c a r e  t h c  c l e c t r o n  mass 3rd  )2% E/ke c 
t h e  v e l o c i t y  of l i t z h t ,  r e s q e c t i v e l y .  The computed v a l u c s  

Of p ,  a r e  Ziven i n  Table 11. 

Since t h e r e  i s  some evidence (Vernov, Chuclakov, Vaku- 

l o v  and LQzachev, 1359) t h a t  t h c r c  a r c  e l c c t r o n s  i n  t h c  

spectrum below 100 Kev, our c a l c u l a t i o n s  t e n d  t o  be l o i r e r  

1 i m i t ; s .  

i nc rease2  sixfold.  at, tho cqua to r  by August 2 1  still u n d c r  

1Jc a l s o  note  t h n t  t h c  t o t 2 1  i n t c n s i t y  a t  E3  ( m a x )  . 

(1.Jlth t h e  spectrum o s s c n t i a l l y  
P m )  P e  

t he  cond i t ion  

unchan,Zed a s  shown in FiGure 2 2 ) .  T h u s  it i n  c l c z r  t h c t  

t h e  exponent cannot be much i n  L?XCCSS of 

t h e  assum?t%on o f  a powcr law spectrum. 
d = 3 ,  under  

I n  T z b l e  I11 a s l m i l a r  a n a l y s i s  i n  thc  region of 

% 

E2 mzx) a t  '5, /L 16 - l7,OOO ICm shows t h a t  P.& p m  
even for t h c  case of = 5. 

"- 

I -  
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X I I .  SUMMARY AND DISCUSSION 

. 
. *  

i 4’ 

a )  S t r u c t u r e  of t h e  o u t e r  b e l t ,  

the geomagnetic f i e l d ,  and 

f l u x e s  of e l e c t r o n s  and p ro tons  

Measurements o f  bremsstrahlung i n  the  s a t e l l i t e  Ex- 

p l o r e r  V I  have revea led  t h a t  f o r  about two months there 

e x i s t e d  two d i s t i n c t  peaks of e l e c t r o n  i n t e n s i t y ,  i d e n t i f i e d  

a s  r eg ions  E2 and E3.  This  k ind  of s t r u c t u r e  i s  a persis- 

t e n t  f e a t u r e  of the o u t e r  b e l t .  It i s  proved t h a t  the  max- 

i m u m  i n t e n s i t y  i n  the E3 r eg ion  c o i n c i d e s  over  a wide range 

of geomagnetic l a t i t u d e s  wi th  magnetic l i n e s  of f o r c e  In the 

centered  d i p o l e  approximation. Thus ,  the measured e l e c t r o n  

i n t e n s i t y  maxima may be used a s  t r a c e r s  of the geomagnetic 

f i e l d  l i n e s  of f o r c e  f o r  t h e  purpose of ana lyz ing  changes 

i n  t he  b e l t  wi th  t ime.  D u r i n g  geomagnetic storms the e l e c -  

t r o n  i n t e n s i t y  increased  many-fold a t  E (max) ,  b u t  even 

under  t hese  c o n d i t i o n s  the t r a c e  of the i n t e n s i t y  maximum 
3 

followed a c e n t e r  d i p o l e  l i n e  of  f o r c e .  Th i s  l e a d s  t o  t h e  

conclus ion  t h a t  the e l e c t r o n  energy d e n s i t y  m u s t  have been 

everywhere less than the magnetic energy d e n s i t y  throughout 

t h e  t i m e  of ou r  measurements. 

The observed range f o r  t h e  maximum e l e c t r o n  i n t e n s i t y  

undergoes l a r g e  and r ap id  inward s h i f t s  d u r i n g  geomagnetic 

storms which amount t o  a s  much a s  10% of the  t o t a l  range of 

the o u t e r  b e l t .  This e f f e c t  i s  l i k e l y  t o  have i t s  o r i g i n  

beyond the range of E3 and connected w i t h  t h e  i r revers ib le  

energy g a i n  i n  the  outer  b e l t  d i scussed  l a t e r  i n  t h i s  s e c t i o n .  
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even though the i n t e n s i t y  changed over  a f a c t o r  of 6 a s  

a r e s u l t  of a geomagnetic storm. A t  a l a t e r  t ime,  the 

spectrum was observed t o  change s i g n i f i c a n t l y  and i n  such 

a way t h a t  f o r  o u r  assumed spectrum t h e  v a l u e  of the 

exponent increased  by 25 t o  50$ w i t h i n  a few days ,  and 

persisted long a f t e r  t he  t e r m i n a t i c n  of the magnetic storm. 

Thus, it i s  ev iden t  t h a t  geomagnetic storms may induce 

changes of t h e  ou tep  b e l t  e l e c t r o n  spectrum a s  well a s  

changes i n  t o t a l  i n t e n s i t y .  

The pro ton  f l u x  i n  the o u t e r  belt f o r  e n e r g i e s  i n  

excess  of 75 MeV i s  (0 .0  + 0.1)  protons/cm* see .  

b )  The Origin of the Outer B e l t  E l e c t r o w  

We have descr ibed  p r o p e r t i e s  of the o u t e r  e l e c t r o n  

belt ( i n  Sec t ion  IX) by f o u r  parameters  representing 

e q u a t o r i a l  i n t e n s i t y  Io(t), l o c a t i o n  of  the mzgnet-lc d i p o l e  

line of f o r c e  tl-rough ES (max) a t  the e q u s t o r ,  R,, the 

e l e c t r 3 n  d e n s i t y  distribution a l o n g  a l i r e  of' fo rce  I = 
-X 

Io ($) c h a r a c t e r i z e d  by the parameter x ,  2nd a measure 

2 of s p e c t y a l  change of e l e c t r o n s  wi th  t ime.  We f i n d  

t h a t  w i th fn  the seqilences of zhanges i n  the o u t z r  b e l t  

induced by geomagnetic s torms,  t h e r e  a r e  some changes of 

t hese  parameters  which a r e  accounted f o r  only by irlvoking 

a n  i r r e v e r s i b l e  energy g a i n  o r  energy loss w i t h i n  t h e  b e l t .  

Since we measure bremsstrahlung,  our  coun t  r a t e  I ( a l n z l c  

I 

c o u n t e r )  I s  given  by 
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a0 

I =  \ G(E) N ( E )  dE,  wnere N(E) i s  the spectrum 2nd 
- a  

G(E) i s  the d c t e c t o r  e f f i c t e n c y .  

Although w e  know G(E) (See Figure  4 ) ,  w e  d.o no t  know N(E) 

and t h e r e f o r e  cannot  prove whethcr a chanzc -In I a r i s e s  

from the ga in  o r  loss of p a r t i c l e s ,  o r  whethcr there  i s  a 

k i n e t i c  energy g a i n  or l o s s  f o r  a conserved number of Par-  

t i c l e s .  Thus, we confined o u r  conc lus ions  t o  t h e  proof t h a t  

t h e x  e x i s t  two k i n d s  of irreversible p r o c e s s e s ;  namely, 

1. P a r t i c l e  o r  ene rgy‘ga ln  t o  the b e l t .  

2 .  P a r t i c l e  OP c n c r g j  l o s s ,  l e a d i n 3  t o  a str?’?le 

i n t e n s i t y  an6 e l e c t r o n  mi r ro r -po in t  d i s t r i b u t i o n .  

Regarding the process  of‘ enerLT g a l n  we have fourid 

arguments which s t r o n g l y  f a v o r  l o c a l  a c c e l e r a t i o n  of the 

LE not, p rc scn t  w i t h  7Iff‘ icf .eEt  -‘cns:ty P V C R  i? it \.en- 

possible t o  t r a p  them F f f ’ i c i e n t l g .  An JlnjeGtion of e l e c -  

t r o n s  a t  sub-de tec t ion  e 2 c r g i e s  ( & 50 Kcv)  followcc- by 

l o c a l  a c c e l e r a t i o n  is Lnlikely b?cr;ucc the c l c c 5 r o n  d i S - -  

t r l b u t l o n  of added p a r t i c l e s  would havc t o  nai-ntzin +IL 

o r i g i n a l  E3 (max) l o c a t i s n  i n  the m s c n 2 t i c  i‘I;ld ,in’ L:w 

the  r e s u l t a n t  energy spectrum unchanged. 

We are  l e d ,  t h e r e f o r e ,  t o  ccn;;icq?r mainly l o c a l  

a c c e l e r a t i o n  of e l e c t r o n s  a l r z z d y  t r a p p e d  3n.i t o  a s k  T.;hzrL 

and a t  what times dui”in5 the r n s g c t i c  storm could  this 
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i r r e v e r s i b l z  cr_cr,rry ga i r i  occur .  The t i m e  of o c c u v e n t e  

i s  f a i r l y  v c l l  limited t o  the l a s t  p a r t  C C  the maitl? phsse 

and ex tecd lng  through the f i r s t  hours of recovery from 

t h e  main phase o r  t he  geomsgnetic storm. ( A u p a s t  18 and 19 

a s  shown i n  Figures 13 and 2 3 ) .  

The mecksnicm f o r  e r s r g r  zatc i n  th=s  pe r iod  is 

obscure.  For c::am?le, 1:' a s t a t i s t i c a l  s c c e l e r a t i o n  pro- 

cess ,  l i k e  Ferlni z c c e l e r a t i o n  ?'ere o p e r a t i v ?  a t  tk i s  tlme 

while small  3c':ie magrietic irregularities I J L ' T ~  m o v ! . ~ ~  

thr?u,nh the d iTole  T i c l d  PE rnlght expc-ct t h z t  protgns it;oL?ld 

b~ even go re  e f f i c r c n t l y  a c c e l e r a t e d  t h a r  z l c c t r o n s .  I s  

It i 2 O t  1 ikePj  t h 2 t  t h e  sudfien t n c r e r s e  CP p c ' r t i c l e  i n t e n s i t y  

obscwz-d i n  t k  Explorer VI s c i n t i l l a t o r  (3csen  and Fa;?ley 

1961) could 3e t h e  low e n e l l s  p4r-otons b e g i n ~ a 5 c ~  nt, thc 

t i m e  when a l l  breqsstrahlung d;. tectors an< t-ie ion ck3nber 

t till  o5scrved l ~ w  i n t i l z s i t y  3r. -4ucast 17'' "hc sc-Lntillzikor 

de t ec t s  y o t o i r  qf niie3rg-y It m y  also be -rgaed 

t h a t  the ene?,--y i n n p t  i s  c a i r c i l c n t  rvith thc Tapi.3 rcccvcry  

of t he  g c o m a y r 2 t i c  f i c l c !  -- S L I C ~  a s  r i n g  z u r r e n t  chsn j , - s  -- 
or. A~!gust 17-18. I n  zny c a s c ,  ~ n y  s c c c c ~ n f ~ ~ .  mode1 of 

z c c e l e r a t 5 o n  must i n h l u d e ,  1) $he prescrvatizn of' C 3  ! ~ 3 x '  

over an  Ln tens i ty  i ~ a ~ ~ ~  OF f a c t o r  s i x ,  2 )  no d r a s t i c  r h a ~ g c a  

i n  the form r,f the  s;)ectrlJm, 2nd. 3 )  3 c o r c c n t r a t i o n  cf +,hi: 

excess  i n t e q s i t y  i n  the Y.rici25ty of thc . q c a t D r .  

1 2 TleTr. 

TI?? 1593 ?r>ocE:es ~1ri; of a Cilffcrcnt kind. Thcy 

a r e  a s s o c i a t e d  w i t h  a changing spectrum, a dccrc3Se :C 

e l e c t r o n  p i t c h  angles  and a g radua l  r e d u c t i o n  of int .cnsit .y.  
. 

! 



! 
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It has been suggested (Arnoldy, Hoffman and Winckler,  

1960b; O'Brien, Van Al len ,  Roach and G a r t l e i n ,  1960) t h a t  

the large reduct ion  in observed bremsstrahlung i n t e n s i t y  

wi th  the main phase of a magnetic storm ( i n  our  case p a s s  

1 9 )  i s  i n  r e a l i t y  "dumping" of p a r t i c l e s  t o  form the 

au ro ra .  We b e l i e v e  t h a t  t h e  small  energy d e n s i t y  of high 

energy e l e c t r o n s  cannot account f o r  the much larger 

a u r o r a l  energy r e l e a s e  and t h a t  b e t a t r o n  d e c e l e r a t i o n  

between tl and t 2  i s  more l i k e l y .  

The r e s u l t s  are  c o n s i s t e n t  with the a c c e l e r a t i o n  of 

ambient e l e c t r o n s  t o  the observed energy d i s t r i b u t i o n s .  

Probably through c o l l e c t i v e  motions of high temperature  

s o l a r  plasma somewhat more e n e r g e t i c  p a r t i c l e s  could be 

t rapped from t i m e  t o  t i m e ,  b u t  t he i r  equ i l ib r ium e n e r g i e s  

and d i s t r i b u t i o n  would s t i l l  be dominated by p rocesses  i n  

the geomagnetic field. I n  view of o a r  conc1usioRs, t h o  

q u e s t i o n  of the  o r i g i n  of energy g a i n  and l o s s  procasses  

i s  more s i g n i f i c a n t  than  the q u e s t i o n :  from where do thz 

e l e c t r o n s  come? 

The beta-decay e l e c t r o n s  from neut rons  c e r t a t n l y  

c o n t r i b u t e  t o  t h e  o u t e r  b e l t  (Hess, 1969; Daesslcr and 

Karplus, 1960).  Recent ly ,  however, i t  was shown t h a t  3ro- 

c e s s e s  o t h e r  than i n j e c t i o n  of neutron decay electrons 

must  be ope ra t ive  i n  o r d e r  t o  acc5u:it for t h e  s p a t i a l  

d i s t r i b u t i o n  of e l e c t r o n s  i n  the  o u t e r  b e l t  (Hess, K i l l e e -  

Fan, Meyer and Simpson, 1961) .  T h i s  aga in  p o i n t s  t o  t h e  

e x i s t e n c e  of energy g a i n  and l o s s  processes .  
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It is  important t o  note t h a t  s a t e l l i t e  bremsstrah- 

lung observa t ions  i n  low a l t i t u d e  o r b i t s ,  such a s  

Explorer  VII, will appear t o  have a t i m e  dependence d i f f e r -  

e n t  from our  e q u a t o r i a l  r e s u l t s  f o r  t h e  o u t e r  b e l t .  T h i s  

i s  r e a d i l y  understood from F igures  14 and 23 f o r  t h e  

A u g u s t  1959 magnetic s torms ,  For example, the  inc rease  of 

i n t e n s i t y  would appear a t  the  " t i p "  of the o u t e r  b e l t  a 

few days a f t e r  reaching  maximum i n t e n s i t y  a t  the e q u a t o r .  

The p o s i t i o n  i n  l a t i t u d e  of t h e  maximum i n t e n s i t y  nea r  t h e  

' ' t ip"  should s h i f t  r a p i d l y  by - 10 t o  30 c o r r e s p o d i n g  

I n  our  a n a l y s i s  of changes i n  Ro ( n o t e  t h a t  f o r  low a l t f -  

t udes  the c e n t e r  d i p o l e  approximation i s  not  s u f f i c i e n t  

t o  d e s c r i b e  t h e  r e a l  f i e l d ) .  

F i n a l l y ,  we c a u t i o n  the r e a d e r  t o  r e c a l l  t h a t  we 

have been a b l e  t o  analyze only two magnetic s torms.  We 

would expect t h e  d e t a i l e d  changes i n  t h e  o u t e r  e l e c t r o n  

b e l t  from one magnetic storm t o  ano the r  t o  be a s  d i v c r s e  

a s  geomagnetic storms themselves have proven t o  be through 

many y e a r s  of a n a l y s i s  by many i n v e s t i g a t o r s .  

the  magnetic storm of September 3 ( f o r  which w e  have very 

few d a t a )  d id  not  l ead  t o  an i r r e v e r s l b l e  a c c e l e r a t i o n ,  

b u t  only a l o s s  mechanism which p rese rved  t h e  p r e v a i l i n g  

e l e c t r o n  p i t c h  angle  d i s t r i b u t i o n .  

Indeed,  
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@up of ArnolCy, Hcffmn a r d  Wiixklzr  and thc: Spacc: Tech- 

n c l o p j  zrouy: of A .  R O S ~ E ,  T .  F a r l q  end E .  Smith where i ~ i '  

have mutual ly  exchanged d z t a .  

f o r  p e r n i s s i o n  to u s e  t h e i r  u c p u k l i s h e d  G .  M .  cour_tcr d a t a  

and t,hc use of  the i r  X-ray appa ra tus .  
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Aeronaut ics  acd Space Adminis t ra t ion ,  and A .  T h i e l ,  J .  Linctn2.r 

and K.  Moe of Space Ttchnolosy L3boratori:s. 
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L i s t  !I? Tables --- 

Parameters for c l e c t r o n  flux and ener,w 

dcns-lty in r z z i o n  E 3 ' c ? t  t h o  ,;comagnctic 

cqu2tor .  

Ta'2le I11 Parameters for e l e c t r o n  f l u x  ;-7rA encrzy  _ _  

d e n s i t y  i n  _reZion T 2 .  
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Figure Captlons 
c 

c 
+ 

c 

c 

I 

! 

1 

Figure  1. Perspec t ive  drawing of the Explorer  V I  s a t e l l i t e  

o r b i t .  The o r b i t a l  da t a  a r e  a s  f o l l o w s :  

Per iod:  12  hours  48 minutes 

Apogee : 48,788 Km. 

Per igee ; 6,626 Km. 

Geographic i n c l i n a t i o n :  4 7 O  

T i l t  of o r b i t :  3 8 O  wtth r e s p e c t  t o  

e c l i y t i c  p l ane .  

Figure 2 .  Block d i a g r a m  of in s t rumen ta t ion  i n  Explorer  VI 

used f o r  t h e  a n a l y s i s  of t h e  outer e l e c t r o n  b e l t .  

Figure 3 .  Detec to r  response f o r  pro tons  f r o m  t h e  synchm- 

cyc lo t ron  beam of t h e  U n i v e r s i t y  of Chicago. 

Figure 4. C a l i b r a t i o n  c u r v e  f o r  the c e n t c r  coun te r  shown 

I n  Figure 2 .  

with t h e  d e t e c t o r  i n  t h e  d u p l i c a t e  Explorer  V I  

v e h i c l e .  

These e l e c t r o n  da ta  were obta ined  

Figure 5 .  Counting r a t e  da t a  a long t h e  s a t e l l i t e  t r a i e c t o r y  

( P a s s  Nc. 27) showing the e x i s t e n c e  of th+- hizh 

energy proton r e g i o n  P1 ( i n n e r  b e l t )  and the E3 

peak from e l e c t r o n s  i n  the o u t e r  b e l t .  Yote t h a t  

t hc  t r i p l e  coincidence ( p r o t o n )  count r a t e  beyond 

P 1  i s  due  t o  cosmic r a d i a t i o n  a l o n e .  
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Flgure 6. Counting r a t e  da t a  a long  the  s a t e l l i t e  t r a j e c t o r y  

(Pass  No. 1 3 )  showing t h e  e x i s t e n c e  of r e g i o n s  P i  

( Inner  b e l t ) ,  E2 and E3  ( o u t e r  b e l t ) .  

e r r o r s  are approximately the s ize  of i n d i v i d u a l  

S t a t i s t i c a l  

da t a  p o i n t s .  

Figures 7a 
and 7b. Counting r a t e  from bremsstrahlung a s  a f u n c t i o n  

of range along the s a t e l l i t e  t r a j e c t o r y .  E l e c t r o n  

peaks El and E2 a r e  shown. 

which determine t h e  curves  for each  pass  a r e  shown 

A l l  t h e  d a t a  p o i n t s  

h e r e .  S t a t i s t i c a l  e r r o r s  a r e  l e s s  than  - + l$* 

Figure 8. Proof  t h a t  t he  o u t e r  b e l t  maximum E3 (max) l i e s  

on magnetic l i n e s  of f o r c e  i n  the cen te red  Cipole  

approximation even for p e r i o d s  of gcomagnctic s torms .  

Figure 9 .  P r o j e c t i o n  of s a t e l l i t e  o r b i t  on the  meridian plane 

of the geomagnetic f i e l d  u s i n g  the cen te red  d i p o l e  

approximation. I n s e r t  ( b )  shows t he  complzte 

t r a j e c t o r y .  

Figure 1 0 .  Representa t ion  of Explorer  I T 1  t r a  j c c t o r y  i n  coord i -  

n a t e s  Ro - v s .  R i n  t he  approximation of a centered  

d i p o l e  magnetic f i e l d  where R = R,cos A .  2 

Figure 11. Meridlan plane p l o t  of the E2 (max) and E3 (max) 

p o s i t i o n s  In the geomagnetic f i e l d .  For more de- 

t a i l e d  a n a l y s i s  see Figures 8 and 2 3 .  
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Figure 1 2 .  The p o s i t i o n  of E3 (max) e x t r a p o l a t e d  t o  the geo- 

magnetic e q u a t o r i a l  range Ro a s  a f u n c t i o n  of t i m e .  

Figure 13a. The change of i n t e n s i t y  of E3 (max) i n  the geo- 

magnetic equator  (+ - l o o )  a s  a f u n c t i o n  of t i m e .  

The averaged v a l u e s  of t h e  s u r f a c e  h o r i z o n t a l  com- 

ponent of the e q u a t o r i a l  geomagnetic f i e l d  (Huancayo, 

P e r u )  i s  shown. 

tude of geomagnetic f l u c t u a t i o n s  i s  g iven  a s  

The Ap Index i n d i c a t i n g  the magni- 

i n d i v i d u a l  s o l i d  p o i n t s .  

F igure  13b. Changes i n  magnetic f i e l d  i n t e n s i t y  observed i n  

Explorer  V I  w i th in  t h e  o u t e r  b e l t  (Smith and Rosen, 

1960; Smith and S o n e t t ,  1961 t o  be p u b l i s h e d ) .  

Figure 14. E l e c t r o n  i n t e n s i t y  a s  a f u n c t i o n  of t ime a t  E3 

(max) for d i f f e r e n t  geomagnetic l a t i t u d e  i n t e r v a l s .  

The s o l i d  points r e p r e s e n t  d a t s  w i t h l n  - + 5' of 

the ZOO curve o r  t h e  400 curve .  

F igure  15 .  E l e c t r o n  i n t e n s i t y  a t  E3  (max) a long  l i n e s  of' 

f o r c e  I n  t h e  cen te red  d i p o l e  approximation. 

F igure  16. A l l  experimental  d a t a  f o r  E3 (max) along l i n e s  of 

f o r c e  s i m i l a r  t o  F igure  15 ,  b u t  covering a wide 

i n t e r v a l  of tlme and range i n  space.  
, 
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Figure 17. Electron lnterisl ty a long  magnetic lines of force  

Ustng t h e  through E3 (nax)  6s a f u n c t i o n  of time. 

d a t a  from Figure 15 and data  dar fng  the gecna@ne%ic 
fn 7 -x 1"1 Do O 

stoms August 1.6 - 20, it 1 s  shown t h a t  I = I 

Figure 18 Elec t ron  lntens ' l ty along mzgnetic l i n e s  of force 

through E3 (max) a s  a f u n c t i o n  of t i m e  l a t e r  than 

August  26*  1959- 

Figure 19. For t h e  reg ion  of E2 (max) t h e  i n t e n s i t y  z long 

l i n e s  of f o r c e  hzve been d e t e r a i n e d  by us ing  d a t a  

In the  fo l lowfng  time f n t e r v a l s :  

A 2  : Augus t  7 t o  15, 1959. 
B2 : Augilst  17 t o  18. 

~2 : September 8 t o  11. 

D2 : Sepwmber 24 to 2 5 .  

field a p p r o x i w k l o n .  A chasigc i n  Z i n d i c a t c s  2 

chanzc Pa! ~.lc,cf;r.on s2ectrum. (The G. M .  ccuriier 

d a t a  are fro% Arnoldy, Hoffman and Winckler, 196Ca, 
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Figure  22. The r a t i o  Z a s  a f u n c t i o n  cf the s i n g l e  pro- 

p o r t i o n a l  counter  count ing r a t e  a t  E3 (max).  

Figure 23. The changes i n  p i t ch -anz le  ( o r  mirror p o i n t )  

d i s t r i b u t i o n s  and i n t e n s i t y  f o r  e l e c t r o n s  a t  E3 

(max) a s  a f u n c t i o n  of range R o ,  and t i m e  f o r  the 

geomagnetic storms of August 16 and 20, 1959. 

Figure  24. The high energy e l e c t r o n  flux observed beyond 

the o u t e r  e l e c t r o n  b e l t ,  i . e .  a t  a range Ro 2 
40,000 Km. a s  a f u n c t i o n  of time. 

Figure 25. The c a l c u l a t e d  r e l a t i o n s h i p  between the r a t i o  2 

and the  exponent 2( , assuming that the electron 

spectrum f s  dM = AE-r dE ( E  Lr 1 MeV.). 
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Appendix I 
Table I 

C h a r a c t e r i s t i T s  of Charzed P a r t i c i e  De tec to r s  and 
1/13 :;ne t ~ r n e  t e  r on Exp 1 ,ire - r VI 

~ 

Propor t iona l  Cou.r,ter Tele scope Univers l ty  of 
c h i  c a go 

a )  T r i p l e  coincfdence coun t s  measure 
pro tons  ( E  > 7.5 Kev) 2nd e l e c t r o n s  
( E  > 13 Dlev) and  a r e  no t  a f f c c i e d  
by i n t e n s e  h r e m s s t r a h l u r ~ .  

G .  M. Counter a n d  I o n  Chahhcr TJi?iverisFty of 
Pinnesota  

a )  G . M .  ci,u.r.tcr measures sum of p r o -  
t o n s  ( E  > 36 Mcv) E l c c t r o r , s  
( E >  2 . 8  Kev) and ambient bmms-  
s t r a  h 1 u n 
I o n  Chamber 

p a r t i c l e  (Protons E > 2Lc I . k v ,  
E l e c t r o n s  E > 
b re  M =, s t 1- a h 1 ?I n g 

b) / rwzsures  average i o n i z a t i o n  pel' 

1.6 Mev) p l u s  

_ _ _ _ _ _ _ _ _ _ _ ^ l _ _ l _ _ _ - _ l _ _ l _ _ _ _ _ _ _  

P l a s t i c  S c i n t i l l a t i o n  Cocptcr 

S p i n  Magnetoaeter 



LOY L a t i t u d e  Trave r sa l s  Through the  O u t e r  
Rad ia t ion  Belt Which Yielded Data 

Dates Mumbcr of Passes  through o u t e r  belt. 

1. Tioneer  I 1. 

2 .  Ptoneer  I11 1 

3 .  L u n i k  I Jan.2,1353 1 

1;. P i m e e r  IV 

5. E x p l o r e r  VI Aug."- 
O c t  . G ,  

1?3'! 

2 

113 

6. Lunik  II Sept .12, 
1959 1 
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2 
7 

4 
8-28 

29 
81 
82 
85 
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35 
8-31 
9- 1 

3. 
2 
2 
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9 
10 
11 
12 
13 
14 
15 
16 

311- 
25 
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5 
5 
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1 
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1- 3 
20 
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26 
27 
28 

71 
72 

.'i 1. 

26 
27 1.7 

17 
18 

33 
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Appendix I1 

The Process of Determining the Position of 

w a  Radiation Belt 

We define the position of a radiation b e l t  by the location 

in the geomagnetic equatorial surface at which the counting rate 

of a r?dlation detector is a maximum. 

Consider a line of' force of the geomagnetic field. A 
position on this line may be specified by means of a parameter 

b = B/Bo where B is the magnetic field intensity at this position, 

while B 0 I s  the minimum magnetic field intensity along the line 

of force. Sfnce an equatorial sur face  is a surface generated by 

the points of minimum field Intensity on liner of force, 1.e.the 

Bo surface, the constant Bo lines and their orthogonal lines, 

denoted by constant $, may then be conveniently used as a 

coordinate system t o  specify the positions of lines of force. 
Thus, the three variables, Bo, $ and b determfne a point in space, 

and we can write the counting rate as 

I = I(Bo, kfB b). (1) 

The variation of counting rate per unit arc length I S  

along the trajectory of the satellfte is 

= 0 ,  Eq.  ( 2 )  
If there is an axial symmetry so that bjE! 0 b 
becomes 



Bo, a $ ,b  a r e  
The phys ica l  meanings o f  

r e s p e c t i v e l y  the v a r t a t i o n  of t h e  count ing ra te  a long  a l i n e  

of f o r c e  and t h a t  a long t h e  i n t e r s e c t i o n  of  a c o n s t a n t  b and 

a cons t an t  !d s u r f a c e .  

5 ,  6 ,  7a, 7b a r e  t h e  s o l u t i o n s  of  - d1 - - 0 and a r e  c a l l e d  t h e  

observed maxima whereas t h e  t r u e  naximum of t h e  r a d i a t i o n  

b e l t  by our  d e f 5 n i t i o n  i s  given by  t h e  equa t ion  

This i s ,  o f  cou r se ,  c o r r e c t  only i f  t h e  p i t c h  a n g l e  d i s t r i -  

b u t i o n ,  n(v,0,)  (Fan, Meyer, and Simpson 1961) does n o t  vary 

g r e a t l y  w i t h  r e s p e c t  t o  Bo. 

The p o s i t i o n s  of t h e  maxima shown i n  F ig .  

ds 

= 0 .  Ce,'l@,b 

The fo l lowing  i s  a working p rocess  by which t h e  s o l u -  

t i o n  of  ( b ~ )  = 0 may be found. 

@,b  
It was shown i n  F igure  17 t h a t  f o r  a l i m i t e d  segment 

2long a l i n e  o f  f o r c e  of a c e n t e r  d i p o l e  f i e l d ,  Eq. (1) assumes 

t h e  fo l lowing  simple express ion  

I = f ( R o )  (b)-x (4) 

where, i f  R and A a r e  r e b p e c t i v e l y  the range and t h e  mag- 
n e t i c  l a t i t u d e ,  1 

( 1 + 3 s i n 2 ~  l Z  
Ro = R/cos2A , b = c o s 6 x  

3 and x i s  i n  general  a f u n c t i o n  of Bo. 

Therefore ,  i f  t h e  magnetic f i e l d  i n  the v i c i n i t y  o f  the  

-- s h o r t  p o r t i o n  - - - _ - -  of t h e  t r a j e c t o r y  i s  n o t  g rea t ly  d i f f e r e n t  

f rom a c e n t e r  d i p o l e  f i e l d ,  and i f  the  value o f  x i s  

a l m o s t  c o n s t a n t ,  t he  p o s i t i o n  o f  t h e  maximum of  f(Ro) 

Bo i s  t h e n  M/R, 

( = I b x )  will be  approximatel-y t h e  s o l u t i o n  of (22 ) = 0 .  
aBo 6 , b  

. 



In the determination of the maximum of f(Ro) we 

er_-.c.mtered two difficulties: 

(1) The determination of the position of E required 3 
a *mowledge of the value of x for R o >  22,000 Km, which is 

not always available. ;2) The position data errors are 

determined by the accuracy of the trajectory data discussed 

The values of x during the quiet period of August 7 - 
Au.gyJ-lst 14, 1959 at Ro = 

in t he  magnetically disturbed days (August 16 - August 20) 

22,000 Km were 0.5 to 0.6, while 

tk-ey increased to about 1.0 - 1.2. This is about the total 

rar,ge in the measured values of x. The following criterion 

was used for the actual determination. If the value of x 

fcr certain passages at Ro between l9,OOO Km - 24,000 Km 
WPS zvsilable, this value was used; otherwise, the value 

of x of the passages immediately preceding or following 
.-- r- &c& Used, provided that no magnetic storms were under way. 

Take the passage #20 as an example. The maximum 
dI counting rate along the trajectory ( = 0 )  is at A = 

12.4'' and Ro = 24,500 h whereas the Golution of df - - 
0 

0 is at h = 14.4' and Ro = 23,600 km. 

We have used improved trajectory calculations pre- 

pa.?& by the staff at Space Technology Laboratories which 

tske Into account the variable atmospheric drag at perigee. 

Theze data appear to be  accurate within 2 f 100 Km at the 

o u t 5 r  belt until at least September 12. However, a new 



(1) Since  

B x  
t h e r e  always exists an extreme va lue  of I { at the 

r\ 



Amendix 111 

Derivation of Changes in Electron Spectrum 

Using Bremsstrahlung Detectors 

We showed in Sectior, VI11 that whatever may be the 

form of the electron spectrum in the outer belt the spec- 

trum undergoes changes with range and along lines of force 

in the vicinity of the E2 region. 

was approximately constant along lines of force through 

However, the spectrum 

We shall now introduce an assumed form for the spectrum 

and calculate what the changes in the ratio 2 of count 

rates from two bremsstrahlung detectors, each having d i f -  

ferent responses to a given energy spectrum. The response 

curve for the single proportional counterhas been described 
, -  

in Section I1 and Figure 4. The. response curve of the 

G.M. Counter in Explorer VI has been made available to us 

by Arnoldy, Hoffman and Winckler. (The three groups of 

investigators using Explorer VI f o r  radiation measurements 

have exchanged their calibration and detector characteris- 

tics. ) 

From Section XI it, appears that a reasonable form of 

the electron energy spectrum prevailing in the outer belt 

is dN(E) = A which we shall use in our calculations. 

Our second assumption is that the maximum energy f o r  the 

cuter belt electrons is E < 2 . 8  MeV, i . e .  no direct electron 

detectJion is possible by either detector. (Arnoldy, Hoffman 

and Winckler, Private Communication) 



We may then  c a l c u l a t e  d i r e c t l y  t h e  expected v a l u e s  of 

f o r  given va lues  of t h e  r a t i o  Z .  The s o l i d  curve shcwn 

Fr! Figure 25 uses  t h e  measured respclnse curve i n  F igure  4 

and a maximum e l e c t r o n  k i n e t i c  energy of 1000 Kev. To demon- 

s t r a t e  the s e n s i t i v i t y  of t hese  c a l c u l s t i o n s  to t h e  shape 

of t h e  response curve we m v e  a l s o  c a l c u l a t e d  Z v s .  for 

t he  case  where the s i n g l e  coun te r  response i s  p r o p o r t i o n a l  

t o  E4*7 over  t h e  e n t i r e  energy range .  

i n  Y a r e  not extremely s e n s i t i v e  t o  t k e  shape of t h e  low 

energy p o r t i o n  of the c a l i b r a t i o n  curve except  for h igh  

Clearly, t h e  changes 

va lues  of Z .  

T h u s  the changes i n  spectrum a t  E3 (rriax) which occur  

d u r i n g  recovery from geomagnetic s t o r m s  i n  F igure  22 would 
4 be i n t e r p r e t e d  a s  a change from approximately Z-3 t o -  E' 

f o r  t h e  e l e c t r o n  d i f f e r e n t i a l  spectrum between A u g u s t  20 

and A u g u s t  2 6 ,  1959. 

If  these  assumptions were approximateiy c o r r e c t ,  the 

dependence of Z on R, i n  Figure 20 wculd i m p l v  t h a t  t h e  

e l e c t r o n  energy spectrum becomes "flatter" w i t h  i n c r e a s i n g  

range .  
* 
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